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AGENDA

POWER AND THERMAL MANAGEMENT

DISCIPLINE REVIEW

WEDNESDAY, JUNE 26, 1991

8:30 AM

9:30 AM

11:.00 AM

11:45 AM

12:30 PM

1:30 PM

2:30 PM

4:00 PM

4:45 PM

ADMINISTRATORS REMARKS

POWER OVERVIEW (90 min.)

R&T BASE;

PHOTOVOLTAICS (45 min.)

CHEM. ENERGY CONVERSION (45 min.)
LUNCH (60 min.)

THERMAL ENERGY CONVERSICN (60 min.)
POWER MANAGEMENT (90 min.)
THERMAL MANAGEMENT (45 min.)

ADJOURN

THURSDAY, JUNE 27, 1991

8:00 AM

9:00 AM

10:00 AM

10:45 AM

11:30 PM

12:15 PM

FOCUSED TECHNOLOGY;
SPACE NUCLEAR POWER (60 min.)
HIGH CAPACITY POWER (60 min.)

SURFACE POWER & TM (45 min.)

EARTH-ORBIT PLAT. POWER & TM (45 min.)

LASER POWER BEAMING (45 min.)

LUNCH (60 min.)

PT1-2

R. Truly

G. Bennett

D. Flood

P. Bankston

All

P. Bankston/ Calogeras
Bercaw/W. Meador

Swanson

J. Sovie
J. Sovie
J. Bozek
R. Cull
J. Rather

All



SPACE ENERGY CONVERSION R&T
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LORDER

OF PRESENTATION MATERIAL

Work Breakdown Structure

Space Power Technology

Integrated Technology Plan Process
Space Power Background

Technology Needs

Space Power Reviews and Studies
Space Power Technology Development
Coordination and Interfaces

Budgets

Summary

External Review Process

Work Breakdown
Structure

PT1-3



PROPULSION, POWER & ENERGY DIVISION

=AE ]

SPACE PROGRAM ELEMENTS |

|

]

N

PROPULSION J

R&T BASE
- LOW THRUST (WATKINS)

- ADVANCED PROPULSION CONCEPTS
(WATKINS)

- HIGH THRUST CHEMICAL (ESCHER})
CRYO FLUID MGMT (WATKINS)

CSTI PROGRAM

- EARTH-TO-ORBIT (ESCHER)

EXPLORATIQON TECHNOLOGY

- SPACE BASED ENGINES (ESCHER)
- CRYO. FLUID SYSTEMS (WATKINS)
- NUCLEAR PROPULSION (BENNETT)

- PHOTOVOLTAIC ENERGY

L POWER T Me SUPPORT SYSTEMS ]
(BENNETT) (EVANICH)
B&T BASE R&T BASE

- HUMAN SUPPORT PROGRAM
(W/CODE RC - JENKINS)

CONVERSION

CHEMICAL ENERGY CONVERSION
THERMAL ENERGY CONVERSION
POWER MANAGEMENT

THERMAL MANAGEMENT

Ti PROGRAM

HIGH-CAPACITY POWER

EXPLORATION TECHNOLOGY EXPLORATION TECHNOLOGY
SPACE NUCLEAR POWER - REGENERATIVE LIFE SUPPORT
SURFACE SOLAR POWER

FY 1991

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

WORK BREAKDOWN STRUCTURE

RESEARCH AND

TECHNOLOGY
BASE

DISICPLINE
RESEARCH

UNIVERSITY
PROGRAMS

SPACE FLIGHT
R&T

SYSTEMS
ANALYSIS

Asrothsrmodynamics
AaT

University
Research

Flight Experiment

Systems
Studies

Analysis

Space Energy
Conversion RAT

Propuision RET

Matenals &
Struchres RAT

information &
Controis RAT

Human
Support RET

Advanced
Communicanons RS T

IN-STEP

MAY 16, 1991
JCM- 7209

PT14



TECHNOLOGY PLAN FOn THE CIVIL SPACE PROGRAM

WORK BREAKDOWN STRUCTURE

CIVIL SPACE
TECHNOLOGY PROGRAM

SPACE SPACE SPACE
SCIENCE I EXPLORATION ‘ TRANSPORTATION PLATFORMS OPERATIONS
Sciencs Surface Eanh-to-Orbﬂj Earth-Orbiting Space
Sensing Systems Transporiation Platforms ASR
Exploration
Observatory Human Space Space Inlrastructure
Systems Suppont Transportation Stations Operations
—
) Technoi Technol
lnv Situ Fugh:,q 4 t;_”r;t;:)gy Deep-space Information &
Science Experiments Experiments Platiorms Communications
Science Techpology Tech_nology
Information Flight Flc_th
Experiments Experiments
Technology
Flight
Experiments
MAY 17 1991
JCM 72084

—AASA——— EXPLORATION
TECHNOLOGY

WORK BREAKDOWN STRUCTURE

EXPLORATION TECHNOLOGY PROGRAM

VATV TECHN
& SYSTEMS ANALYSIS

« Innovative Technologles
« Exploration Systems Analysls

I [ | |
RANSDAGE \ SURFACE INFORMATION AuCLEAR
BPROPULSION
OPERATIONS SYSTEMS &
AUTOMATION
+ Space-Bssed Engines * Nuciear Thermai
" aeromraking ¥ - Space Nuclear Power . High-Rate Communt .
+ Autonomous Vehicie » Surface Solar Power « Remole Surface/Science + Muciesr Electric
Maneuvering Operations Propulsion
- Structures & Cryogenic * Planetary Rover « Planstary Photonics
Tanks - In Situ Resource Utlization + Exploration Dats
«  Artfiolal Grevity Surface Habitats & Construction Systems
IN-SPACE
SUPPORT QPERATIONS LUNAR & MARS SCIENCH
- Regen Lite Suppont + Cryo Fiuid Sys - Sampie Acq., Analysis & Preserv
- Radiation Protection + In-Specs Assy & . Pumn:i:ry ‘:nn:..z Penetrators
- EVA Systeme Construction + Astrophysics Observatories
« Exploration Humen « Vehicls Servicing
Factors & Processing

PT1-5



FY 90 - 91 PROGRAM CHANGES

SOAEL—

PATHFINDER

SURFACE EXPLORATION

« Surface Power
+ Planetary Rover

Sample Acquistion, Analysis
& Preservation
Autonomous Lander
+  Photonics

IN-SPACE OPERATIONS

« Space Nuclear Power
(SP-100)

+ Autonomous Rendezvous &
Docking
+ In-Space Assembly & Construction
+ Cryogenic Fluld Depot
+ Resource Processing Pilot.
Optical Communications

EXPLORATION
TECHNOLOQOGY

SURFACE OPERATIONS

/

+ Space Nuclear Power
Surface Solar Power
Planetary Rover

in Situ Resource Utllization
+ Surtace Habitats & Construction

REVISED WORK BREAKDOWN STRUCTURE

SPACE R&AT BASE

IN-SPACE TECH. EXPER. PROG.

CSTI PROGRAM

- SCIENCE
- TRANSPORTATION
- OPERATIONS

EXPLORATION TECHNOLOGY

SPACE TRANSPORTATION
IN-SPACE OPERATIONS
SURFACE OPERATIONS
HUMAN SUPPORT

LUNAR & MARS SCIENCE
NUCLEAR PROPULSION

SPACE AUTOMATION & TELEROBOTICS

PT1-6
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SPACE RAT BASE

CIVIL SPACE TECHNOLOGY PROGRAM

SPACE SCIENCE TECHNOLOGY
TRANSPORTATION TECHNOLOGY
OPERATIONS TECHNOLOGY

SPACE EXPLORATION TECHNOLOGY
SPACE PLATFORMS TECHNOLOGY

#

LBF40257
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REVISED WORK BREAKDOWN STRUCTURE

S @ S e —— m——

® SPACE R&T BASE ll”""’ *

- Aerothermodynamics

. Space Energy Conversion
- Propulsion

- Materials & Structures

- Space Flight

- Systems Anpalysis

- University Space Research
- Information and Controls

. Human Support

® IN-SPACE TECH. EXPER. PROG.

e CSTIPROGRAM
- science N
- Science Sensor
. High Rate/Capacity Data Systems
. Precision Segmented Reflectors
- TRANSPORTATION
. Earth to Orbit
- OPERATIONS
. Telerobotics
. Artificial intelligence
. High Capacity Power
. Controls/Structures Interaction

e EXPLORATION TECHNOLOGY
. SPACE TRANSPORTATION
- Aerobraking
. Space Based Engines
. Autonomous Landing
. Autonomous Rendezvous & Docking
- IN-SPACE OPERATIONS
- Cryogenic Fluid Systems
- In-Space Assembly and Construction
- SURFACE OPERATIONS
. Space Nuclear Power
- In-Situ Resource Utilization
- HUMAN SUPPORT
. Regenerative Lite Suppon
- Radistion Protection
. Extravehicular Activities Systems (Surface)
. Exploration Human Factors
. LUNAR & MARS SCIENCE

SPACE R&T BASE
. Discipline Research
. Aerothermodynamics
Space Energy Conversion
Propulsion
Materials & Structures
Information and Controls
Human Support
Adv. Communications
. University Programs
- Space Flight R&T
- Flight Experiment Studies
. IN-STEP
- Systems Analysis

CIVIL SPACE TECHNOLOGY PROGRAM
- SPACE SCIENCE TECHNOLOGY
- Science Sensing
. Observatory Systems
Science information
. In Situ Science
- Technology Flight Expts.
- TRANSPORTATION TECHNOLOGY
. ETO Transponation
- Space Transportation
. Technology Flight Expts.
- OPERATIONS TECHNOLOGY
- Automation & Robotice
- Intrastructure Operations
. into. & Communications
- Technology Flight Expts.
. SPACE EXPLORATION TECHNOLOGY
- Surface Systems
. Human Support
. Technology Flight Expts.
. SPACE PLATFORMS TECHNOLOGY
- Earth-Orbiting Platforms
. Space Stations
. Deep-Space Platiorms
. Technology Flight Expts.

- Sampie Acquisition, Analysis & Preservation

- Planetary Probes & Penetrators
. NUCLEAR PROPULSION

. Nuclear Thermal Propulsion
- INNOVATIVE TECHNOLOGY

- Exploration Technology Analysis

e SPACE AUTOMATION & TELEROBOTICS
® AEROASSIST FLIGHT EXPERIMENT

PT1-7
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Space Power
Technology
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SPACE ENERGY CONVERSION R&T

OBJECTIVE
Provide the technology to meet power
system requirements for future space
missions, including growth Space Station,
Earth orbiting spacecraft, lunar and
planetary bases, and solar system
exploration
SPACE ENERGY CONVERSION R&T
OAE:
POWER TECHNOLOGY
| : ]
R&T BASE ELEMENTS FOCUSED TECHNOLOGY PROGRAMS
- PHOTOVOLTAIC ENERGY - SPACE NUCLEAR POWER
CONVERSION

- HIGH CAPACITY POWER

- CHEMICAL ENERGY CONVERSION
- SURFACE POWER & THERMAL MANAGEMENT

- THERMAL ENERGY CONVERSION
- MOBILE SURFACE SYSTEMS (POWER)

- POWER MANAGEMENT
- LASER POWER BEAMING

- THERMAL MANAGEMENT
- EARTH ORBITING PLATFORMS POWER &

THERMAL MANAGEMENT
- SPACECRAFT POWER & THERMAL MANAGEMENT

| “TECHNOLOGY PUSH" | I "MISSION PULL" l

PT1-9




BASE R&T PROGRAM

SPACE ENERGY CONVERSION R&T

L —
SCHEDULE
QOBJECTIVES * 1992  12-panel APSA

* Programmatic
Provide the technology base 1o meet power system
requirements for future space missions, including
growth Space Station, Earth orbiting spacecralt,
lunar and planetary bases, and solar system
exploration

+ Technical

2300 WAg Planar Array Technology

100 - 200 Wh/kg Batteries

220% System Efficiency (Thermal-to Electric)
»0.6 Wicm3 and >20 W/kg PMAD

1 - 4 kg/m2 Radiator Specific Mass

Complete critical technology experiments lor liquid
sheet radiator (LSR)

« 1993 5-Ah Li-TiS2 Engineering Model Demo
Solar Dynamic Heat Receiver Tech Demo
Prototype Smart Pole (PMAD)

» 1994 Demonstrate thin 20% InP Cell
Deliver Bipolar Flight Battery
15% Efticient, 3000-Hour AMTEC

+ 1995 Complete 100 Whikg Nickel Hydrogen Battery

° 1996 Demo 600 K PMAD Test Bed

* 1997 Complete inlegrated thermal and electrical test
of powsr electronics orbital replacement unit

» 1998  Demonstrate 2nd generation APSA (>200 W)

* 1999  Ground test 330 W/m2, 1 kW Conceniralor Array

RESQURCES ($M) PARTICIPANTS
« Lewis Research Center

CURRENT 2ax STRATEGIC Responsibiity incudes advanced solar cells, nickel

FY91 126 12.8 12§ hydrogen & sodium sulfur bantenes; dynamic conversion
) systems; tault-loleranthigh-temperature PMAD:; thermal
FY92 128 128 128 management
FY93 13.3 15.8 17.7 « Jet Propulsion Laboratory
R 21.5 Responsibility includes advanced arrays, ithium 8 sdvanced

FYo4 138 2 batteries; AMTEC; advanced thermoelectrics; power
FY95 14.6 234 258 integrated circuits
FY96 15.3 256 29.7 * Langley Research Center
Fyo? 16.0 286 13.9 Space-based laser power

technology
« Goddard Space Flight Center
Thermal management for space experiments

e —— i -

FOCUSED TECHNOLOGY PROGRAM

SPACE ENERGY

CONVERSION R&T

SCHEDULE
TIv « 1993  Thermoetectric Multicouple, Z = .85
* Programmatic Stirling, 1050 K, 25 kWe/cylinder, 25% efficient
Provide the focused technology to meet power * 1994 SP-100 NAT fuel pins labricated/stored
system raquirements for lunar and planetary 600 K radiator demonstration
bases, planetary rovers, penetrators, Earth-orbiting + 1995 Restart SP-100 Nuciear Assembly Test (NAT) Site
spacecralt, and deep-space missions Mg specs for Z = 1.0 Thermoalectric
Compiete Phase 1 Development (Laser Beaming)
« 1996 Complete SP-100 T/E Converter /TEM pump tests
« Technical Stirling, 1050 K, 25 kWescylinder (35% ett )
Demonstrate 300 Wkg planar/100 W/kg InP core.
2100 kWe space nuclear reactor (7 years 'ull power) + 1997 Ground demo of 2-kW solar dynamic system
1300 K Stirling (35% etf) and Thermoelectric (Z=1.0) Complete S000 h on fuel cell stack
1000 W-hg RFC with 20,000 h operational ife Complete Phase i Development {Laser Beaiung:
PV (30% eff) and Thermoelectric (14% eff) for rovers . 1999 Stiling, 1300 K, 25 kWe/cylinder (35% elt.)
>300 W/kg PV array (rad hard/LILT resistant) . 2001 Complete SP-100 fight-iike IAT (lunar outpost)
RESQURCES ($SM) PARTICIPANTS

Current  3X Strategic

FY-91 24 24 24

FY-92 30.6 30.6 30.6
FY-93 29.5 55.6 61.7
FY-94 29.6 100.5 1271
FY-95 248 131.1 172.7
FY-96 25 140.5 2023
FY-97 26.1 161 151.5

. Lewls Research Center
P-100 space subsystems; lead for high capacity power,
suﬂace power; mobile sysiems power; power systems
technology tor piatiorms and rovers; FEL power beaming
» Jet Propulsion Laboratory
Lead lor SP-100 GES; power system technology for
atforms and rovers; FEL power beaming
. ngley Research Center
Laser power
« Goddard SpncengFugm Center
Thermal management
« Johnson Space Center
Supporting technology for surtace and mobile power
+ Marshall Space Flight Center
Support on FEL power beaming

PT1-10



SPACE ENERGY CONVERSION R&T

COARTL

Base R&T Work Breakdown Structure

PHOTOVOLTAIC CHEMICAL THERMAL POWER THERMAL
ENERGY ENERGY ENERGY MANAGEMENT | |MANAGEMENT
CONVERSION CONVERSION CONVERSION
Advanced Cell Primary and — Advanced I— Electrical - instrumentation/
Technology Secondary Solar Dynamic Power Sensor Thermal
Batteries Power Management Control
Light-Weight Technology Technoiogy
Arrays Fuel Cells - Advanced
- Advanced — Power Integrated Radiator
Advanced Advanced Thermoelectric Circuit Technology | Concepts
Blanket Electrochemical Conversion
Technology Energy Storage — Power Materials —Advanced
L Alkall Meta! Technology Power
Thermoelectric Electronics
Conversion — Space Environment Cooling
(AMTEC) Studies & Models

— Laser Power

Beaming

SPACE ENERGY CONVERSION R&T

Focused Technology Work Breakdown Structure

EARTH
SPACE HIGH SURFACE ORBIT PLATF SPACECRAFT
NUCLEAR | |CAPACITY|| POWER & powlég ,,ORM POWER &
POWER POWER THERMAL THERMAL MAT;I‘ES?AL
ANAGEMENT MANAGEMENT MENT
efractory FConversion —System - Planar & — Very
Metal Systems integration Concentrator Light-Weight
Reactor t"’""' | Power Arrays Solar Arrays
HFuel Pins hermo- Generation - Solar Dynamic — High-Energy
electrics Module Ground Density Energy
High- - Energy Test Storage
Temperature -FThermal Storage
Control Management —~Long-Life, — High-Efficlency
System [~ Electrical High-Energy- Thermal to
FPower Power Density Electric
-TEM Pump Management | Management Bstteries Conversion
rThermoelectric [Systems —Thermal — High-Temperature |~ Fault-Tolerant,
Conversion Diagnostics Management PMAD Reconfigurable
PMAC
“Heat-Pipe ~Environmental — High-Capacity
Heat-Rejection Interactions Heat Rejection - Cryogenic
Systems Thermal Bus

PT1-11

LASER
POWER
BEAMING

ree
Electron
Laser
Options

- Optics/
Beam
Expander
Options

PV Array
& Power
Conditioning

-Testbed/
Site
Integration/
Operation

—-Advanced
Concepts



SPACE ENERGY CONVERSION R&T
SOAELS

uic sused Technology Work Breakdown Structure

(Continued)

g

MOBILE SURFACE SYSTEMS
(POWER)

— System integration

— Photovoltaic Power Generation
— Energy Storage

— Power Management & Distribution

—Dynamic Isotope Power System (DIPS)
Ancillary Technology

—Thermal-to-Electric Generators

L-'l'vlbology

SPACE ENERGY CONVERSION R&T

| ROLES & PARTICIPANTS]

POWER TECHNOLOGY
[ l

OAE-

R&T BASE ELEMENTS FOCUSED TECHNOLOGY PROGRAMS

Photovoitaic Energy Conversion
LeRC (s@ ¢ cellsn )
JPL (Hghi-welght srreys}
Chemical Energy Conversion
LeRC (adv. balteries/fusl colle)
JPL (adv. batteries)
Thermal Energy Conversion
LoRC (adv. solar dynamic)
JPL (thermoelecirics/AMTEC)
Power Management

LoAC (PMAD/Materials/Environment)
JPL (PICs technolegy)
LaRC (power beaming)

Thermal Management

GSFC (sensor therma! centrei)
LeRC (adv. radistorwelectronics cosling)

Space nuclear power
JPL (project manasgement)
LeRC (spsce subsysiems)
DOE/SDIO/GE/LANL/HEDL ete.
High capacity power

LeAC (project lesd/Stirting)
JPL  (Ihermoeiecitics)

Surface power & thermal mgmt
LOARC (lead/PV/Storage/EPM/TM)
JPL (PV/Storage/TM) GSFC (TM)

JSC (Stersge/TM) LANL (Storage)
Mobile Surface Systems
LeRC (lec
JPL (P ce/Batiory/TE/PMAD)
JSC (Fu. veril. tests)
Laser Pow - Beaming

MSFC (FE. Tast SiteOpiics)
JPL (Opticw/PV)
LeRC (PV)

PT1-12

Earth Orbit Platform
Pwr & Thermal Mgmt
LoAC (PV/Batterien

H-Tomp TM/PMAD)
JPL (PV/LI balt/PMAD)
GSFC (Lo-Tomp TM)
Spacecraft Power
& Thermai Mgmt
JPL (PV/IPICe
Misslon TEAMTEC)
LeRC (PMAC/DIPS/
PVIM-Temp Rad/
Reector Anslyses
GSFC (Lo-Temp TM)



NASA FLIGHT EXPERIMENTS T

e 2NV OV MUY YK N i CW Y T e e 5V 5 24 C

e Heat Pipe Performance

e Solar Array Module Plasma Interaction
Experiment (SAMPIE)

e Thermal Energy Storage

¢ Sodium-Sulfur Battery

Integrated Technology
Plan Process

PT1-13



FY'93 ITP IMPLEMENTATION PLAN

® FOR NEAR-TERM NEEDS

IN93-'97 BY 1993 THRU 1997
COMPLETE THE DELIVER SELECTED HIGH-LEVERAGE
ONGOING PROGRAM; SUBSYSTEM CAPABILITIES
IMPLEMENT KEY
SELECTED NEW TASKS

@ FOR END-OF-DECADE NEEDS

IN"93-97 BEGIN BY 1998 THRU' 2003:
HIGH PRIORITY RAT; DELIVER MAJOR NEW SYSTEM CAPABILITIES
BEGIN TO PUT CRITICAL CONDUCT MAJOR DEMONSTRATIONS/FLIGHT EXPERIMENTS
RAT TESTBEDS & BEGIN SIGNIFICANT USE OF SSF FORRAT
FACILITIES IN PLACE LEVERAGE NASP DEMONSTRATIONS

@ FOR LONG-TERM NEEDS

IN'93-'97 BEGIN  BY 2004 THRU 2011
SELECTED, LONG-TERM DELIVER MAJOR NEW SYSTEM CAPABILITIES
R&T EFFORTS  BEGIN USE OF LUNAR OUTPOST FOR RAT
ACHIEVE MARS TECHNOLOGY READINESS

LBF 402908
(JCM 78823}

INTEGRATED TECHNOLOGY PL. FOR THE CIVIL SPACE PROGRAM

SPACE R&T BUDGET IMPLICATIONS

1800
1600 4 Full-Up ITP *Strategic Plan” R
\° e .
4
1400+ Base Year Lo’
FY 1991 .’

G 1200 4 . ‘  *3X" Budgel Target®
Q
0 ~
= [72)
o 8 1000 4
-3
< o
3 goot
W
; 600 4-
@ — g

4004+ I $504M P M gapan

3422 1M /
2004 s284M  $294 8M FY 92 Budge! Request Run-out
0 t ¢ + : : ‘ :

¥
FY 1990 FY 1991 FY 1992 FY 1993 FY 1994 FY 1995 FY 199¢ FY 1997
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FLIGHT PROGRAMS FORECAST
W

® 5-YEAR FORECAST INCLUDES

'93 THRU '97; COMPLETION OF INITIAL SSF
LIMITED SOME SHUTTLE IMPROVEMENTS

NEW STARTS INITIAL EOS & EQSDIS
SELECTED SPACE SCIENCE STARTS
NLS DEVELOPMENT
INITIAL SE) ARCHITECTURE SELECTION
EVOLVING GEO COMMERCIAL COMMSATS
MINOR UPGRADES OF COMMERCIAL ELVS

@ 10-YEAR FORECAST INCLUDES

98 THRU '03: SSF EVOLUTIONINFRASTRUCTURE
MULTIPLE FINAL SHUTTLE ENHANCEMENTS
NEW STARTS ADVANCED LEO EOS PLATFORMS/FULL EOSDIS
70 BE LAUNCHED MULTIPLE SPACE SCIENCE STARTS
IN 2003 THRU 2010 NLS OPERATIONS/EVOLUTION
EVOLVING LAUNCH/OPERATIONS FACILITIES
INITIAL SEVLUNAR OUTPOST START
DSN EVOLUTION {KA-BAND COMMUNICATIONS)
NEW GEO COMMERCIAL COMMSATS
NEW COMMERCIAL ELVS

@ 20-YEAR FORECAST INCLUDES

'04 THRU 11 SSF-MARS EVOLUTION
MULTIPLE  BEGINNING OF AMLS/PLS DEVELOPMENT
OPTIONS FOR NEW  MULTIPLE SPACE SCIENCE STARTS
STARTS TOBE  DSN EVOLUTION (OPTICAL COMM)
LAUNCHED IN  INITIAL MARS HLLY DEVELOPMENT
2009 THRU 2020 EVOLVING LUNAR SYSTEMS
MARS SE! ARCHITECTURE CHOSEN

LARGE GEO COMMSATS
NEW COMMERCIAL ELVS
L8F4020%
(ICM 7692}
-

Space Power
Background

PT1-15



NSA  ADVANCED TDRSS  0At

PROPULSIOH POWER AND ENERGY

TRACKING AND DATA RELAY SATELLITE SYSTEM
WET MASS

4.08%

2.00%

2751%

FUEL

POWER
PAYLOAD
TRACKING
ATTITUDE
STRUCTURE
THERMAL
PROPUSLION

ozeanoesS e

TOTAL MASS = 2123 kg

RAKS1 001 10

—

PROPULSION AND POWER DR,
NASNA IVERS ON ATDRSS

(VR YV W V! B W g N W BTV By 7

IMPROVEMENTS IN PROPULSION AND POWER CAN
SIGNIFICANTLY IMPROVE ATDRSS

PROPULSION AND
POWER COMPRISE
ABOUT ONE-HALF
OF THE TOTAL MASS
OF ATDRSS

REMAINDER
OF ATDRSS
PLATFORM

PT1-16



NSA  ADVANCED TDRSS OAE!

PROPULSION POWER AND ENERGY

ELECTRICAL SUBSYSTEM MASSES

TOTAL EPS MASS = 422kg

NSA - ADVANCED TDRSS OAET

ELECTRICAL POWER SYSTEM MASSES
WITH ADVANCED TECHNOLOGIES

2 A A
102.91 kg K/
Vo e 8T
RS

ADVANCED POWER SYSTEM TECHNOLOGIES CAN SAVE
245 kg IN THE ELECTRICAL POWER SYSTEM

PT1-17

PROPULSION POWER AND ENERGY



NSA  ADVANCED TDRSS = OAET

PROPULSICN POWER AND BNIRTY

. NEW TECHNOLOGY ALLOWS 138% MORE POWER FOR THE SAME MASS
. FOR 422.3 kg, NEW TECHNOLOGY GIVES 5729 WATTS

SOLAR ARRAY MASS 82.67 kg

BATTERY MASS 94.53 kg
PMAD MASS 245.08 kg
422.28 kg

BATTERY

+ ADDITIONAL 3319 WATTS OF POWER AVAILABLE
WITH NEW TECHNOLOGY FOR THE SAME MASS

58.04%

5,729 WATTS
BOL POWER

8K-31 01-1 pm

nnsn  Earth Observing System  aasr

o DTNy 7 i el i W 10 8 U B el N o s s o ot ]

POLAR ORBITING PLATFORM WET MASS

B sower

o opuivien
B test
poviesd
0 esc.oms o
B comngancy
B sweiws
O mechantsms
B verme
O wser mierfas

TOTAL WEIGHT 1S 29715 lbe (13507 kg)
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nnsn - Earth Observing System  aasr

iV v ia b RN A e s 2 W A e S e W s e

ELECTRICAL POWER SYSTEM WEIGHTS

B vettery

B sete wrrays
B enad
Pawer ORUS
QO Coro0Rus
TOTAL EPS WEIGHT IS 3264.8 1bs (1484 Xkg)
nnsn  Earth Observing System  oasr
= w2V R 0 ¢ 2 BBV i AN 87 WS ; Y
R PLA RM WEIGHT WITH
PERFUEL AND et
) B
o — B com.aur
Sl i a w:l':,
O machonivms
A aems

B e wterfoce

NEW TECHNOLOGIES ALLOW ~32% OF MASS TO BE PAYLOAD

-
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[

A‘D POWER TEC. .JOLOGY DIVISION N/ N

001 s 10 Coman 0d 7 ot € Fauetd Lowts Reses ch Conter

IMPACT OF POWER SYSTEM SPECIFIC MASS
ON GEO ORBIT POWER
(25% MASS FRACTION)

100 r
i SPECIFIC
POWER
L Wi
2
w 3
POWER
w)
0r
=
20 15
\\
0 v v v r -
T-Iv T-H AIC A TN
XAF89.005.7
E-.l-nl!’
lﬁ: POWER TECHNOLOGY DIVISION
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SPACE ENERGY CONVERSION R&T

COALT

TECHNOLOGY SUPPORT

v ¢ e —T

The Space E-nergy Conversion R&T Program Supports a Broad Range of
Planned and Future NASA/DoD/Commercial Mission Power Requirements,

Including

o Earth Observing Systems

e Space Station

e Communications Sateilites

e Advanced Tracking and Data Relay Satellite System
e Lunar/Planetary Surface Power

o Planetary Spacecraft

e Electric Propulsion

e Missions to Comets and Asteroids

e Surface Explorers/Rovers

o Penetrators

e Launch and Orbital Transfer Vehicles
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SPACE POWEKR
TECHNOLOG. EVOLUTION ’

o 7 PO AP ¢ o3~ LTI -+ 8 S I - —— Y Iy

Space power technology evolution is and has been a long-term,
steady improvement. There will be near-term spinotis (as in
the batlery electrolyte for Hubble Space Telescope) as the
technology evolves; however, there must be a long-term
commitment to supporting the technology if the full benefits

are to be realized.

1978

Eff = 12-14%

1970 -
Eft = 10-12% "

1960

Eftf = 8-10%

B 0/ST/0AET SSF
Cell Development Baseline

EVOLUTION OF SILICON SPACE SOLAR CELL TECHNOLOGY

Technology Needs
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SPACE ENERGY CONVERSION R&T

COAET
IL TECHNOLOGY NEEDS
e OSSA )
HIGHEST PRIQRITY

= 50 - 100 kWe lon Propuision (NEP) [Far-Term Need]
SECOND HIGHEST PRIQRITY

= Solar Array/Cells [Near-Term Need])
= Radiation Hardened Parts/Detectors [Near-Term Need}
= Long-Life/High-Energy Density Batteries [Near-Term Need]

THIRD HIGHEST PRIORITY

= Mini RTG [Near-Term Need]
= Thermal Control System [Mid-Term Need]

e OSF

HIGHEST PRIORITY

= Advanced Heat Rejection Devices (Heat Pumps/Heat Pipes)

- High-Efficiency Space Power Systems (PV Concentrator Cells/Solar
Dynamic Systems

= Electromechanical Control Systems/Electrical Actuation
(advanced, integrated electric power systems with surge/demand
capability

SPACE ENERGY CONVERSION R&T

COAET=—

&TECHNOLOGY NEEDS

{Continued)

e MFPE/SEI

HIGHEST PRIORITY

- Surface Power (Category 2)
= Electric Propulsion (Category 3)
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Space Power Reviews
and Studies

SPACE ENERGY CONVERSION R&T

OAL L=

Summary of the 1990 Annual Review by the
Space Systems & Technology Advisory Committee
Aerospace Research & Technology Subcommittee

L ESSENTIAL

e Maintain Vigorous Base R&T Program

= Source of New Ideas and Techniques

- Training Ground for Next Generation Space Technologists
- Impacts "World Technology Position”

- High Probability for Commercial Spin-Oft

= Archival Value

e Develop Long-Range Defendable Strategies

= Cooperative Programs Wherever Possible
- Emphasize Commercial Potential Where Obvious

® Promote/Force User Acceptance

- Space Qualification
- Tech Transfer Mechanism
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SPACE ENERGY CONVERSION R&T

COAEL
Summary of the 1990 Annual Review by the
Space Systems & Technology Advisory Committee
Aerospace Research & Technology Subcommittee

HIGH PRIORITY

=T

e Space Nuclear Power

= Long Lead Time Technology
- SEI Essential
- Cooperative Agreements

e Light Weight, Efficient Photovoltiacs

- Growth Space Station
- First Stages SEI
- Commercial Spin Off

e Efficient Energy Dense Storage Technology

- Regenerative Fuel Cells

- Batteries

- Thermal Storage

- Significant Commercial Potential

SPACE ENERGY CONVERSION R&T

EOABTL

Summary of the 1990 Annual Review by the
Space Systems & Technology Advisory Committee
Aerospace Research & Technology Subcommittee

HIGH PRIE))RITY

(Continue

e Efficient Energy/Power Dense Power Management
and Conditioning

- Major Contributions to Spacecraft Weight and Volume
- Significant Commercial Potential

- Major Uncertainty in Scale Up
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SPACE ENERGY CONVERSION R&T

COAETS
Summary of the 1990 Annual Review by the
Space Systems & Technology Advisory Committee
Aerospace Research & Technology Subcommittee

LOWER PRIORITY

e Power Beaming
- No Strong Panel Advocate

- Comments Ranged From Terminate to Keep Alive
e Solar Dynamic Power

- User Should Develop (Space Station)

e AMTEC (Alkali Metal Thermoelectric Conversion)
- Severe Materials Problem

= Advanced Thermoelectrics/Thermionics Are Competitive

= No Strong Panel Advocate

SPACE ENERGY CONVERSION R&T

Report of the Committee on Advanced Space Technology
Aeronautics and Space Engineering Board
National Research Council
(1987)

SUMMARY RECOMMENDATIONS
ON SPACE POWER

J

Space Power Supplies of the Future Should Include
Photovoltaic, Solar Dynamic, and Nuclear Sources.
Only Reactor-Generated Power Can Meet Anticipated
High-Power Requirements, and NASA should Increase
its Involvement in the SP-100 Program, an Interagency
Nuclear Space Power (SP) Research and Demonstration
Program Designed to Achieve 100 kW of Space-Based

Power.
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SPACE ENERGY CONVERSION R&T

COAET=
Report of the Committee on Advanced Space Technology
Aeronautics and Space Engineering Board
National Research Council
(1987)

SPECIFIC RECOMMENDATIONS
ON SPACE POWER

- |

it is Recommended that NASA Continue to Strengthen

its Solar Power Technology and Stirling Engine Development
Programs. It Should Build an Integrated Approach to improving
the Spacecraft Bus for a Wide Range of Mission Needs. This
Also Should Include Meeting Lunar and Planetary Rover
Requirements. NASA Should Expand the Scope and Magnitude
of Its Nuclear Power Development Program. Speqmcally,
NASA Should Become a Stronger Resource Contributor

to the Total SP-100 Program, Expanding Iits Effort, Now
Limited to Conversion System Technologies. It Should, in

Fact, Become a Full Partner in SP-100, Applying More of Its
Resources to the Mainstream of the Program.

SPACE ENERGY CONVERSION R&T

OAEL
Report of the Committee on Advanced Space Technology
Aeronautics and Space Engineering Board
National Research Council

SPECIFIC RECOMMENDATIONS
ON SPACE POWER

(Continued)

- g

Further, NASA Should Review Its Most Stressing Missions by
Defining Requirements and Evaluating Power System Options
Against the Specific Requirements. Optimal Combinations of
Power Sources Should be Defined and R&D Programs Initiated
on a Time Frame Appropriate With Anticipated Mission Scenarios.
For the Nuclear Reactor Power System Option in Particular, it

is Important to Introduce it Neither Too Soon Nor Too Late in

This Long-Term Scenario.

Much to be Preferred is an Orderly, Properly Paced, Goal-Oriented
R&D Program. This Program Should be Coordinated and Made
Complementary to all of the Existing Programs and Sponsors . . .
in Short, a National Space Nuclear Power Program is Needed . . .
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SPACE ENERGY CONVERSION R&T
S OAETS
Report of the Committee on Advanced Space Technology
Aeronautics and Space Engineering Board

National Research Council
(1987)

CONCLUSIONS AND OBSERVATIONS
ON SPACE POWER

As Energy Requirements for Scientific, Military, and Commercial
Missions Increase, There Will be a Need for Larger, More
Utility-Like Energy Systems. Desirable Power Supplies Include
Photovoltaic, Solar Dynamic¢, and Nuclear; However, Only
Nuclear Reactor Generated Power Can Meet Very High
Requirements. The Space Nuclear Power Program has a
Start-Stop History. It is Recommended that NASA Increase

Its Participation in the SP-100 Program to Ensure That Its

Own Future Requirements for High Energy are Met. R&D on
Photovoltaic, Solar Dynamic, Stirling Engine, and Other Power
Conversion Development Should Continue.

SPACE ENERGY CONVERSION R&T .
ey

Report of the 90-Day Study on
Human Exploration of the Moon and Mars
1989

OTHER TECHNOLOGY NEEDS

« IN-SPACE OPERATIONS

« EARTH-TO-ORBIT TRANSPORTATION

« SPACE TRANSPORTATION

+ SURFACE SYSTEMS
(includes surface nuclear power and surface solar
power with chemical energy storage)

+ HUMANS IN SPACE

- LUNAR AND MARS SCIENCE

- INFORMATION SYSTEMS AND AUTOMATION
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NNASA Exploration Initiative

<

/”

I Lunar Surface Power System Options I

Strategy: Early Outpost Power Needs -

Later Outpost Power Needs

SRS e R

‘l* '.

R 5

S A MR

« Power Generation
- Photovoltaic Arrays or

Solar Dynamic Modules

+ Low-Moderate Mass/kW

+ Near Term Development

» Can Be Located Near Outpost

» Ease of Deployment
Daytime Power Only -
Power Storage Required
Moderate Spares
Moderate Crew Support

« Power Storage
- Batteries
« Near Term Development

- Regeneralive Fuel Cells

.

» Nuclear Power
- Continuous Day/Night Power
- No Power Storage Required
Low Initial Mass/kW
Lowest Spares/Resupply
Long Lite Systems
Minimum Crew Support

High Initial Mass/kW
Short Lived Sysltems

Longer Term Development
Moderate Mass/kW

Longer Term Development
Must Be Remote to Outpost
Radiation Shielding
Political

Short Lived Systems
High Spares/Resupply

=

NNASA Exploration Initiative

Technical Study Group

K

l SURFACE POWER SYSTEMS I

* Long life, high reliability system
k i (7 year life)
Technical Study Group

PHOTOVOLTAIC ARRAY/

REGENERATIVE FUEL CELL

¢ Initial outpost power source

* 25/12.5 kW day/night capability

e State-of-the-art technology with
large experience base

e Low power/mass ratio (1.5-3
W/kg)

¢ High resupply and sparing mass
requirements (1t/year/unit)

SP-100 NUCLEAR REACTOR

e Dynamic engine power
conversion

e 100 kW day/night capabllity

¢ High power/mass ratio (25-60
W/kg)
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SPACE ENERGY CONVERSION R&T

EOARTI—
Report of the Committee on Human Exploration of Space

National Research Council
(1990)

,’ NUCLEAR ELECTRIC POWER

The Committee Believes that Nuclear Power Eventually
Will be Essential for Lunar and Mars Bases. . .

At Present, the Only Active Technology Program Applicable
to this Need is the SP-100 Thermoelectric Space Reactor,
Which has Been Pursued Under a Tri-Agency Program for
Several Years. SP-100 Was Initiated in the Absence of a
Definite Mission Requirement as a General Purpose Space
Reactor Power Source. This Program Should be Redefined
in Light of the Requirements of the HEI and Committed to
Development; Nuclear Thermionic Research Should Continue
to be Pursued as Well.

SPACE ENERGY CONVERSION R&T

Report of the Committee on Human Exploration of Space
National Research Council
(1990)

[ NUCLEAR ELECTRIC POWER

{Continued)

Consideration Shouid be Given to Demonstration of the

Nuclear Electric Power System as the Power Source for

an Electric Propulsion System, Which May Have Application

to Science Missions With Large Launch elocity Requirements.
(In Fact, a Number of Outer Planet Missions Have Been
Suggested, Including a Jovian System Grand Tour, That

Will Require Such Advanced Power Sources.) Here, as With

the Nuclear Rocket, Considerations of Safety Must Be
Incorporated into Research, Development, and D+ - snstrations
and Factored into Assessments of Overall Syster. Performance.
The Nuclear Electric System Might be Demonstrated Within
These Constraints by a Mission in Which the System is Launched
to a High Orbit, Say 600 Miles, Before It is Operated. The Orbit
Could Then be Raised by Nuclear-Electric Propulsion to
Geosynchronous Orbit or Beyond.
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Report of the Advisory Committee
On the Future of the U. S. Space Program

Principal Recommendations Concerning

Space Goals

® A science program, which enjoys highest priority within the the civil
space program, and is maintained at or above the current fraction of the
NASA budget

¢ A Mission to Planet Earth (MTPE) focusing on environmental
measurements

® A Mission from Planet Earth (MFPE), with the long-term goal of human
exploration of Mars, preceded by a modified Space Station which
emphasizes life sciences, an exploration base on the Moon, and robotic
precursors to Mars

® A significantly expanded technology development activity, closely
coupled to space mission objectives, with particular attention devoted
to engines

e A robust space transportation system

NNASA

NATIONAL SPACE POLICY - GOALS

On November 2, 1989, the President approved a national space
policy that updates and reaffirms U.S. goals and activities in space.

+ Strengthen the security of the United States
Obtain scientific, technological, and economic benefits

+ Encourage private sector investment
» Promote international cooperative activities
+ Maintain freedom of space for all activities

« Expand human presence and activity beyond Earth orbit
into the solar system

Office of Aeronautics, Expioration and Technology

BarendICEXP Tep 20 1 V2840
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CRIGINAL PACE 12
OF POOR QUALITY

SPACE ENERGY CONVERSION R&T

COAELD
REPORT OF THE SYNTHESIS GROUP
RECOMMENDATIONS

SPECIFIC RECOMMENDATIONS ARE PROVIDED FOR THE EFFECTIVE
IMPLEMENTATION OF THE SPACE EXPLORATION INITIATIVE

EECOMMENDATlON 7
s~ e

INITIA'fE A SPACE .ﬁaCLEAR POWER TECHNOLOGY
DEVELOPMENT PROGRAM BASED ON THE SPACE
EXPLORATION INITIATIVE REQUIREMENTS

The Program Must Concentrate on Safe, Reliable Systems
to a Megawatt or Greater Level. These Nuclear Power
Systems Will Be Required for Use on the Moon Before
Use on the Mars Mission.
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SPACE ENERGY CONVERSION R&T

COAETS

REPORT OF THE SYNTHESIS GROUP
[POWER REQUIREMENTS]

® TRANSPORTATION TO THE MOON REQUIRES POWER FOR
ABOUT SEVEN DAYS FOR THE ROUND TRIP PLUS TIME IN
LUNAR ORBIT

® TRANSPORTATION TO MARS INVOLVES TRIP TIMES ON
THE ORDER OF A YEAR PLUS ORBITAL AND SURFACE
OPERATIONS OF UP TO TWO YEARS

® SPACECRAFT WILL BE CONTINUOUSLY ROTATED IN
CASES WHERE SOLAR FLUX IS VERY HIGH

® HABITAT POWER MUST HAVE A RELIABILITY >99.5%
® BASE POWER RELIABILITY CAN BE ABOUT 95%

® POWER UNITS SHOULD BE MADE OPERATIONAL

- With a Minimum of Support Activities

- Have Lifetimes Compatible with the Base
- Be Serviceable

- {If Nuclear) Be Refuefable and Disposable

® EVOLUTIONARY SYSTEMS DESIGNS ARE PREFERABLE TO
SPECIFIC POINT DESIGNS WITHOUT GROWTH POTENTIAL

SPACE ENERGY CONVERSION R&T

REPORT§OF THE SYNTHESIS GROUP

$
FUNCTIONAL ELECTRICAL POWER REQUIREMENTS

S,
Functions . Mars Power  Moon Power iy Suggested Technology
Transportation
Spacecraht . . < R .
P etoted 1020 kw 10 30 kw .~ Fusl cells (Moon)
' Nuclesriphotovoltaicy (Mars)(1)
4 - 5 kw S kw Fuel celis (Moon)
Cargo Pholovoltaics (Mars)
Lander 200w 20kw " Fuel cefts (wwo photovoltarcs)
Electric.propuision 10 5 Mw 105 Mw Nuciear
Surface Activities N .
Oay only 20 kw : Photovoltaics
Habiallab
* ln?hal Operationat Capability 030 kw 10 50 kw Photovoltaics or nuclear (1)
Next Operahonal Capab*e SOkw == 100 kw - hgr
P = . .
B“I:uumrm Capability = 10100 kw 10 100 hw ~ - NEar
Next Operational Capabiity . 10 800 kw to 1 Mw Nuciear
Rovers .
Unloader/Construction 240 kw-tw 240 kw-br Foel e*g
P od
rational Capability (per trip) 1900 hw-hr 1900 kw-he- - Fuel coli$ (2)
Next &:ﬂow Capability {per tnp) 4800 kw-hs 4800 kw-hr Fuel calts (2)
Unpressunzed 100 kw-hwr 100 kw-hw Fuel celis (2)

-~ -

(1) Depends on final power level
(2) In situ methane and oxyqen produced on Mars may substitule for tuel celts.
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SPACE ENERGY CONVERSION R&T

=ere

REPORT OF THE SYNTHESI ROUP
SUPPORTING TECHNOLOGIES
AL LT L SN SR, o 5 werne voues

NUCLEAR THERMAL PROPULSION

NUCLEAR ELECTRIC SURFACE POWER TO MEGAWATT LEVELS

EXTRAVEHICULAR ACTIVITY SUIT

CRYOGENIC TRANSFER AND LONG TEARM STORAGE
AUTOMATED RENDEZVOUS AND DOCKING OF LARGE MASSES
ZERO GRAVITY COUNTERMEASURES

RADIATION EFFECTS AN. SHIELDING

TELEROBOTICS

CLOSED LOOP LIFE SUPPORT SYSTEMS

HUMAN FACTORS FOR LONG DURATION SPACE MISSIONS

LIGHT-WEIGHT STRUCTURAL MATERIALS AND FABRICATION

NUCLEAR ELECTRIC PROPULSION FOR FOLLOW-ON CARGO MISSIONS

IN SITU RESOURCE EVALUATION AND PROCESSING

SPACE ENERGY CONVERSION R&T

REPORT OF THE SYNTHESIS GROUP

REPORT OF THE OSVYNINEOS At -t

BASELINE DECISIONS FOR POWER

FOR MARS, NUCLEAR POWER IS RECOMMENDED OVER PHOTOVOLTAICS
DUE TO THE MASS SAVINGS. THE NUCLEAR UNITS WILL BE DEVELOPED
TO MARS SPECIFICATIONS, AND THE MOON WILL BE USED TO VALIDATE
THE DEPLOYMENT CONCEPT AND DEMONSTRATE SAFE AND RELIASLE
OPERATION
. Power Levels to a Megawatt for Base Power, Including Power for
for in situ Resource Processing, Refueling Surface Vehicles, and
Emergency Habitat Power ’
- Designed for Both the Moon and Mars Environments
- Specific Power >100 W/kg at 1MW
- Deployed With a Minimum of Robotic or Human Operations
. Lifetimes Must Be on the Order of 30 Years

ADVANCED REGENERATIVE FUEL CELLS COULD PROVIDE POWER FOR
LUNAR SPACECRAFT, LANDERS, AND SURFACE VEHICLES, WITH
PERFORMANCE GREATER THAN 1 kW-h/kg

NUCLEAR POWER UNITS (10 TO 100 kW) CAN PROVIDE POWER-FOR MARS
SPACECRAFT AND LUNAR AND MARS SURFACE HABITATS. TMESE SYSTEMS
SHOULD HAVE A SPECIFIC POWER >15 Wikg AT 25 kW, RELIABILITY >99.5%,
PASSIVE CONVERSION AND NO SINGLE FAILURE POINTS

ADVANCED SOLAR PHOTOVOLTAIC ARRAYS, WITH SPECIFIC POWERS >200 Wi/kg,
CAN PROVIDE POWER FOR SPACECRAFT AND DAYTIME SURFACE OPERATIONS

—n
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SPACE ENERGY CONVERSION R&T

COABT
REPORT OF THE SYNTHESIS GROUP
RECOMMENDATIONS FOR DEVELOPMENT PROGRAMS

® THE CURRENT SP-100 AND THERMIONIC PROGRAMS SHOULD BE
RESTRUCTURED TO MEET SPACE EXPLORATION INITIATIVE REQUIREMENTS

- All Technology Options Should be Considered

- Technology Down-Selections Should be Based on Demonstrated
Performance, Safety and Reliability

- The Benefits Provided by Nuclear Power Systems are Extremely High
and are Key Enablers for Many Initiative Activities; However, New Efforts
to Develop Space Applications of Nuclear Power Should be Structured
to Take Advantage of Lessons Learned From the SP-100 Program

® ADVANCED REGENERATIVE FUEL CELLS CAN BE DEVELOPED BY THE YEAR
2000. THE COST IS LOW WITH WIDE APPLICATION TO CRITICAL SURFACE
SYSTEMS SUCH AS LANDERS AND ROVERS

® SOLAR PHOTOVOLTAIC ARRAYS COULD PLAY A WIDE RANGE OF ROLES IN THE
INITIATIVE. INCREASING THE EFFICIENCY AND DECREASING THE WEIGHT OF
SOLAR ARRAYS WILL CONTINUE TO PAY HIGH DIVIDENDS FOR BOTH SPACE-
AND EARTH-BASED APPLICATIONS

® POWER BEAMING FOR SURFACE-TO-SURFACE POWER DISTRIBUTION MAY
GREATLY REDUCE THE MASS OF ROVERS AND OTHER MOBILE SURFACE
SYSTEMS, ASSUMING LINE OF SITE CONSTRAINTS CAN BE MET. IF NUCLEAR
ELECTRIC PROPULSION IS DEVELOPED FOR USE IN THE LUNAR OR MARS CARGO
VEHICLE, THE ORBITING TRANSFER VEHICLE MAY BE A CONVENIENT POWER
SOURCE FOR SURFACE OPERATIONS (NOTED NEED TO CONSIDER COSTS)

Space Power
Technology
Development
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SPACE ENERGY CONVERSION R&T

EOAEIS

TECHNOLOGY DEVELOPMENT
CHALLENGES/DRIVERS

o parcw

® DEVELO;’ POWER SYSTEMS FOR AND EXTEND THEIR LIFE
IN FUNCTIONAL ENVIRONMENTS (LEO, GEO, MOON, PLANETARY)

e [NCREASE POWER DENSITY OF POWER SYSTEM

¢ REDUCE POWER SYSTEM MASS

e INCREASE POWER SYSTEM RELIABILITY

e ENABLE POWER SY%-TEM OPERATION AT HIGHER TEMPERATURES

i,AUGMENTATION l
e ACCELERATE DEVELOPMENT OF POWER SYSTEM TECHNOLOGIES
e AUGMENT R&T AREAS THAT ARE MINIMALLY FUNDED
o INITIATE MISSION-FOCUSED AND ADVANCED TECHNOLOGIES

e TRANSFER MATURING TECHNOLOGIES TO FOCUSED THRUSTS
AND USERS

SPACE ENERGY CONVERSION R&T

COAETLS

H;ECHNOLOGY BENEFITS

e REDUCED LAUNCH WEIGHT

e INCREASED POWER FOR SAME MASS
e INCREASED LIFETIME

e INCREASED RELIABILITY

e REDUCED COSTS

e EXTENDED RANGE OF
POWER SYSTEM CAPABILITIES

e REDUCED VOLUME

PT1-36



SPACE ENERGY CONVERSION R&T

DA
TECHNOLOGY DEVELOPMENT APPROACH

——

¢ DEVELOP AND EVALUATE HIGH-EFFICIENCY, RADIATION-HARD
SOLAR CELLS AND LIGHT-WEIGHT ARRAY SYSTEM COMPONENTS

¢ DEVELOP ADVANCED HIGH SPECIFIC ENERGY, HIGH ENERGY
DENSITY, LONG CYCLE LIFE ENERGY STORAGE SYSTEMS

o gEVELOP IMPROVED THERMAL-TO-ELECTRIC CONVERSION
YSTEMS
(Advanced thermoelectric materials, AMTEC, solar dynamic,
Stirling)

¢ DEVELOP LIGHT-WEIGHT, SMART, HIGH-TEMPERATURE,
COMPACT POWER MANAGEMENT AND CONTROL (PMAC)

¢ DEVELOP INNOVATIVE, LOW-MASS THERMAL TRANSPORT
AND RADIATOR CONCEPTS

® DEVELOP SP-100 SPACE NUCLEAR REACTOR POWER SYSTEM

SPACE ENERGY CONVERSION R&T

COABL
TECHNOLOGY DEVELOPMENT APPROACH

[—1

(Continued)

e DEVELOP LASER POWER BEAMING CAPABILITY
e DEVELOP IMPROVED POWER SYSTEM MATERIALS
e DEVELOP ENVIRONMENTAL INTERACTIONS MODELS

AND DESIGN GUIDELINES FOR FUTURE SPACE POWER
SYSTEMS
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SPACE ENERGY CONVERSION R&T

a RECENT ACCOMPLISHMENTS

e SUCCESSFUL COMPLETION=OF GROUND TESTING OF 130 W/kg
ADVANCED PHOTOVOLTAIC SOLAR ARRAY (APSA)

e BOEING APPLICATION OF NASA-SPONSORED MINI-DOME
FRESNEL LENS AND PRISMATIC CELL COVER TO ACHIEVE
31% AMO EFFICIENCY

e SUCCESSFUL COMPLETION OF 40,000 LEO CYCLES AT
80% DEPTH OF DISCHARGE (DOD) IN BOILER PLATE
NICKEL-HYDROGEN CELLS

e SUCCESSFUL COMPLETION OF >10,000 CYCLES IN BIPOLAR
NICKEL-HYDROGEN

e SUCCESSFUL ACHIEVEMENT OF 700 CYCLES AT 50% DOD
IN 1-A-h LiTiS2 CELLS g

SOAET

SPACE ENERGY CONVERSION R&T

=eree

RECENT ACCOMPLISHMENTS

{Continued)

— —

e SUCCESSFUL REPRODUCTION OF HI “IGURE-OF-MERIT
SILICON-GERMANIUM-GALLIUM-PHOS JE N-TYPE
MATERIAL

e DEMONSTRATED FEASIBILITY OF FABRICATION
TECHNIQUES FOR SOLAR DYNAMIC CONCENTRATOR
ALUMINUM PANELS

e DEMONSTRATED STABILITY OF LIQUID SHEET RADIATOR
AT 1-G (VERIFIED ANALYTICAL PREDICTIONS)

e SUCCESSFULLY TESTED SILICON-CARBIDE MOSFET
TO 500 C

e DEVELOPED MONTE CARLO MODEL FOR ATOMIC OXYGEN
EROSION

e DEMONSTRATED 7X INCREASE IN ATOMIC OXYGEN DURABILITY
WITH CVD-DEPOSITED Si0O2 ON CARBON/CARBON COMPOSITE
RADIATOR SURFACES

ORIGINAL a0t 5
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SPACE ENERGY CONVERSION R&T

[ —————— e e —————

SPACE POWER SYSTEMS

TECHNOLOGY NEEDS

HIGH POWER, HIGH EFFICIENCY,
LOW-MASS ELECTRICAL POWER SYSTEMS AND
THERMAL MANAGEMENT SYSTEMS FOR SPACECRAFT AND PLANETARY BASES

CURRENT PROGRAM S-0-A

COMMERCIAL SOLAR ARRAYS AT -20 W'kg (RIGID) TO ~66 W/kg (FLEXIBLE);
NASA/UPL LABORATORY DEMONSTRATION AT 130 W/kg; COMMERCIAL BATTERIES AT -10 Whikg;
NASA TECHNOLOGY >20 Wh/kg; THERMOELECTRIC EFFICIENCY <7%; AND POWER MANAGEMENT
AND DISTRIBUTION (PMAD) AT <0.03 W/cm3 (AND <15 Wikg)

AUGMENTED PROGRAM
SOLAR ARRAYS AT 300 W/kg; BATTERIES AT 150 W-h/kg;
STATIC THERMAL-TO-ELECTRIC CONVERSION 210%; PMAD AT 0.6 W/cm3

(AND 20 W/kg) TO ACHIEVE FACTOR OF TWO REDUCTIONS IN MASS OF
ELECTRIC POWER SYSTEM ON SPACECRAFT

BASE RESEARCH AND TECHNOLOGY PROGRAM

SPACE ENERGY CONVERSION R&T
e ————————————————————————————

SUB-ELEMENT STATE-OF-THE-ART OBJECTIVE
Comm: 20 Wkg (rigid) to 66 W/kg (flex.) > 300 Wikg (flex.)
PHOTOVOLTAICS | Demo: 100 Wkg (rigid) to 130 Wrkg {flex.) >3o‘o°$mwz";° w(:‘;':‘mw
24Q Wim2
CHEMICAL ENERGY Comm: 10 Whikg 150 Wivkg (75 % DOD
CONVERSION Demo: >20 Whikg %0 Ay )
THERMAL ENERGY ' .
CONVERSION < 7 % efficiency > 10 % efficiency
POWER < 0.03 W/icm3 > 0.6 Wicm3
MANAGEMENT <15Wikg > 20 Whg
THERMAL
MANAGEMENT 10 kg/m2 1-4 ky/m2
CRLl i -
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BASE RESEARCH AND TECHN._LOGY PROGRAM

SPACE ENERGY CONVERSION R&T

SPACE POWER SYSTEMS

MISSION SPECIFIC
300 W/m2 CONCENTRATORS, 300 W/kg SOLAR ARRAYS
100 W-hr/kg BATTERIES
600K POWER ELECTRONICS AND THERMAL CONTROL
HIGH FREQUENCY POWER
ATOMIC OXYGEN PROTECTIVE COATINGS/ARC PROOF SOLAR ARRAYS
ORBITAL AND PLANETARY SURFACE ENVIRONMENTAL DESIGN GUIDELINES

BREAKTHROUGH

Li/CO2 FUEL CELLS

BEAMED POWER SYSTEMS

LUNAR REGOLITH STORAGE

1-2kg/m2 RADIATORS/ADVANCED HEAT PIPES
DIAMOND FILM POWER ELECTRONICS

CAPABILITY

PV PERFORMANCE VERIFICATION/FUNDAMENTALS
ELECTROCHEMICAL ADYANCED DIAGNOSTICS/MODELLING
SOLAR DYNAMIC DESIGN/ANALYSIS
HEAT PIPE CODE VALIDATION
SPACE ENVIRONMENTAL SIMULATION FACILITIES

AUS91.004 1

BASE RESEARCH AND TECHNOLOGY PROGRAM

SPACE ENERGY CONVERSION TECHNOLOGY

L_H

AUGMENTATION STRATEGY

e HIGH-RISK, INNOVATIVE POWER TECHNOLOGIES THAT HAVE THE
POTENTIAL OF HIGH PAYOFF FOR FUTURE MISSIONS

- DIAMOND FILM POWER ELECTRONICS
- Li/CO.FUEL CELLS

e MAINTAIN A BALANCE BETWEEN TECHNOLOGY ELEMENTS TO
SUPPORT EVOLUTIONARY SPACECRAFT POWER SYSTEM NEEDS

- PHOTOVOLTAIC ENERGY CONVERSION
. CHEMICAL/THERMAL ENERGY CONVERSION
. POWER/THERMAL MANAGEMENT

e MAINTAIN SPECIFIC ACTIVITIES TO ENHANCE NASA'S CAPABILITYTO
IESPOND TO TECHNOLOGY NEEDS

. ADVANCED DIAGNOSTICS/MODELLING
. SPACE ENVIRONMENTAL SIMULATION FACILITIES
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FOCUSED TECHNOLOGY PROGRAMS
SPACE ENERGY CONVERSION R&T

COAET

FAUGMENTATION STRATEGY

—

e DEVELOP | HIGH-RISK, INNOVATIVE| POWER TECHNOLOGIES
THAT HAVE THE POTENTIAL OF HIGH PAYOFF FOR
THE SPACE EXPLORATION INITIATIVE (SEl) AND OTHER
SPACE MISSIONS.

EXAMPLES: - SP-100 coupled with advanced conversion
and radiators
- High specific energy regenerative fuel cells
- Laser power beaming

¢ BUILD ON BASE R&T PROGRAM TO-FOCUS ON FUTURE
SPACECRAFT POWER NEEDS

EXAMPLES: - Chemical/thermal energy conversion tie into
high capacity powe and surface power, etc.
= Power/thermal man&gement tie into focused

power programs

—>RuRRRR U <

PROGRESS IN SOLAR ARRAY TECHNOLOGY

130 W/kg RPES-308 (3



SPACE ENERGY CONVERSION R&T

EOALIL

PHOTOVOLTAIC ENERGY CONVERSIOI\*

e OBJECTIVES

Provide the technology for photovoltaic arrays with improved
conversion efficiency, reduced mass, reduced cost, and
increased operating life for advanced space missions

e PARTICIPANTS

- Lewis Research Center
- Jet Propulsion Laboratory
- Industry/University Contracts

e AUGMENTATION

- Accelerate work on Advanced Photovoltaic Solar Array

- Development of thin 20% efficient InP solar cell (radiation hard)
- Accelerate development of thin-film flexible blanket

- Demonstrate high-temperature blanket

- Ground test 330 W/m2 1-kWe concentrator array

® PAYOFF
Lighter weight, longer lived arrays

PROGRESS IN ENERGY STORAGE

TORS Space Station and Beyond
Nickel Cadmium - 10 W-hr/kg Nickel Hydrogen - 20+ W-hrikg

Future Applications
Lithium Titanium Disulfide - 40+ W-hr'kg
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SPACE ENERGY CONVERSION R&T

COABI

CHEMICAL ENERGY CONVERSION

L

e OBJECTIVES

Provide the technology base for advanced electrochemical energy
conversion and storage systems required to support the low to high

power needs and cycle life requirements for future space missions

e PARTICIPANTS

- Lewis Research Center
- Jet Propulsion Laboratory
- Industry/University Contracts

e AUGMENTATION

Accelerate work on sodium sulfur batteries
Expand/enhance work of fuel cell catalysts

Develop and transfer lithium secondary battery technology
Accelerate development of 150 W-h/kg cell

Initiate electrochemical capacitor work

e PAYOFF
Lighter weight, longer lived batteries/More power for same mass

NN
Nea «N3uIcs and
Sp aInsiration
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SPACE ENERGY CONVERSION R&T

THERMAL ENERGY CONVERSION

e OBJECTIVES

- Develop the technology base to provide advanced high-efficiency,
high-temperature, long-life solary dynamic Stirling/Brayton
power system

- Develop new thermoelectric material with significantly higher
figure of merit

= Investigate and demonstrate the feasibility of high-power, long-life
alkali metal thermoelectric converter (AMTEC)

® PARTICIPANTS

- Lewis Research Center
- Jet Propulsion Laboratory
= Industry/University Contracts

¢ AUGMENTATION
- Accelerate development of static conversion technologies

- Verify thermal energy storage technologies for lunar base application

® PAYOFF

- Reduction is radioisotope inventory
= Reduction in transported mass to Moon

¢

T
;.

i

1

13

P ..
?,

POWER PROCESSOR
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SPACE ENERGY CONVERSION R&T

POWER MANAGEMENT

e OBJECTIVES

- Develop the electrical power systems conditioning, control,
and distribution technology for future space missions

- Development of the capability to model power systems
(including environmental interactions)

- Development of advanced concepts (e.g., power beaming and
advanced power management materials)

e PARTICIPANTS

- Lewis Research Center

- Jet Propulsion Laboratory

- Langley Research Center

- Industry/University Contracts

e AUGMENTATION

- Brings Power Management up to its level of importance

- Accelerates work on modular, high-temperature, smart PMAD
® PAYOFF ’

- Reliable, fault-tolerant power systems
- Reduced mass, reduced volume, reduced parts count

SPACE ENERGY CONVERSION R&T

EOAELL

THERMAL MANAGEMENT

e OBJECTIVES

- Develop the technology base for versatile thermal management
systems for next generation of space missions

- Provide advanced thermal management technology for both
high and moderate temperatures, including technology for
thermal control of instrument systems

o PARTICIPANTS
- Goddard Space Flight Center
- Lewis Research Center
- Industry/University Contracts

o AUGMENTATION

- Brings Thermal Management up to its level of importance
- Provides additional options for thermal management

e PAYOFF

- Reduction in radiator size and mass _
- Major improvement (250%) in sensor cooling

PT1-45



SPACE ENERGY CONVERSION R&T

=) ==

SPACE NUCLEAR POWER

e OBJECTIVES

Develop and validate the technologies for safe and reliable

space nuclear reactor power systems to support lunar
and Mars exploration missions )

e PARTICIPANTS

- Lewis Research Center

- Jet Propuision Laboratory

- DOE/SDIO/USAF

= Industry/University Contracts

¢ AUGMENTATION

Meets NASA's funding commitments under the MOU so
that the SP-100 program can stay on schedule

e PAYOFF

A flexible power source that can span a range of power levels
up to 1 MWe for space and surface bases with improved specific

mass and lifetime

PT1-46
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SPACE ENERGY CONVERSION R&T

==

HIGH CAPACITY POWER

e OBJECTIVES

Develop and demonstrate low-mass, reliable, long-lived
power conversion technologies for space nuclear reactor

power systems

e PARTICIPANTS

- Lewis Research Center
- Jet Propulsion Laboratory
- Industry/University Contracts

o AUGMENTATION

Allows development and demonstration of 1300 K Stirling
conversion system (35% efficient) in time for early SE| use

e PAYOFF

Provides SP-100 with the conversion technology to scale up
to 1 MWe

PT147

Q
]
-

Lt

£

(»]

21



SPACE ENERGY CONVERSION R&T

COABTL
SURFACE POWER & THERMAL MANAGEMENT

e OBJECTIVES
Develop solar-based power and low-grade heat thermal
management technologies to support lunar and Mars
surface system operations

e PARTICIPANTS

- Lewis Research Center
Jet Propulsion Laboratory
Johnson Space Center
Goddard Space Flight Center
Los Alamos National Laboratory
Industry/University Contracts

e AUGMENTATION
Allows funding for a solar-based surface power system that will be
essential to the first exploration/outpost missions and for backup
e PAYOFF

Provides a light-weight, reliable, solar-based power system for
lunar and Mars applications
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MARS ROBOTIC ROVER CONCER]
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SPACE ENERGY CONVERSION R&T

L OAETS
( MOBILE SURFACE SYSTEMS (POWER)

e OBJECTIVES

Develop compact power technologies to a level of readiness
sufficient to enable mobile and portable extraterrestrial
surface power systems

® PARTICIPANTS

- Lewis Research Center

= Jet Propulsion Laboratory
Johnson Space Center
Industry/University Contracts

® AUGMENTATION

Reinstates mobile surface power systems program enabling
work on system integration, power generation (PV and nuclear),
energy storage, triboloby, PMAD, small free-piston Stirling engine
convective heat exchangers for Martian surface mobile and/or
portable dynamic isotope power systems

e PAYOFF ‘
Provides mobile power system options that can span the range

from <1 kWe to >20 kWe with varying power ratios and usages for
a hostile, dusty environment.

+
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MOBILE SURFACE SYSTEMS (POWER)
SPACE ENERGY CONVERSION R&T

QBJECTIVES

+ Programmatic
Deveiop compact power technologies to a
level of readiness sullicient to enable mobile
and portable extraterrestnai surface power
systems

Technical

Power Generation 14% ellicient thermoelectric couple
30% etficient PV cell

>50 W-h/g battery

>350 W-h/&g (Fuel cell @ 10 h)

Energy Storage

SCHEDULE

+ 1994 Recommend pnmary technology candidates with
oplions

« 1996 Compiete tab of bipolar Ni/H2 battery
Mtg piototype multicouple @ Z = 0.85

+ 1997  Establish preiminary design of luel cell
Select battery technology

+ 1998 Select PMAD's tractional horsepower optimized
motor/controiler

. 1999 Demonstrate combined 2 = 1.4 (14% eff @ 1300 K)
Optimize etficiency of bottom celt of PV tandem
cell

PMAD 30% improvement in operating + 2001 Complete performance verification on modified
ethiciency test bed
Dem. sliding/rolling, dust seal and lube options
R RCE M RTICIPANT
« Lewis Research Center
r i
rren X Stralegic Lead center in all technology elements
EY-91 3 3 3 « Jet Propuision Laboratory
Y-92 0 0 0 Support in PV cell and array technology
FY-93 0 0 0 Inngvative PMAD technology
FY-94 0 0 3 Support in battery technology
FY-95 0 0 32 Thermoelectric technology
FY-96 0 0 8
FY-97 0 0 10.4

+ Johnson Space Center
Supporting verification tests of fuel cefls

SPACE ENERGY CONVERSION R&T

COAETS

|MOBILE SURFACE SYSTEMS (POWER)l

o« TECHNOLOGY NEEDS

Rover and portable extraterrestiral surface systems have been
shown to require power levels ranging from <1 kWe to >20 kWe
with peak-to-average power ratios >10. Mission durations
vary from intermittent to continuous use in a hostile, dusty

environment.

« PROGRAMMATIC

Original program, Planetary Rover Project, will be terminated in
FY 1992. The budget plan allows for restartin? the program

in FY 1994. The orig.nal power subelement o

Planetary Rover

was limited to improving the performance of thermoelectric

materials.
« STRATEGIC PROGRAM

The resources under the Strategic budget would permit system studies,
focused power generation and energy storage technology,
tribology, and PMAD in the relevant environment and duty cycles.



SPACE ENERGY CONVERSION R&T

S OART

[——

LASER POWER BEAMING

e OBJECTIVES
Develop and demonstrate the technologies and subsystems
for laser power beaming from Earth to Moon

® PARTICIPANTS

- Jet Propulsion Laboratory

= Lewis Research Center

= Marshall Space Flight Center

= MIT Lincoin Lab/LLNL/Industry/University Contracts
® AUGMENTATION

Initiates a new thrust to develop the technologies (free electron
laser/optics/PV/PMAD) to enable an advanced power supply
systems

® PAYOFF

Provides a revolutionary way to power lunar surface bases
and rovers with greatly reduced mass and launches.
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NASA

PLANETARY ORBITERS

MISSIONS TO COMET S5 |
(MERCURY ORBITER) S (COMET NUCLEUS

SAMPLE RETURN TAIL PROBE)

PENETRATORS
(GLOBAL NETWORK MISSION)

SPACE ENERGY CONVERSION R&T
EOARIS
[ SPACECRAFT POWER AND

THERMAL MANAGEMENT

e OBJECTIVES

Develop and demonstrate integrated spacecraft bus
technologies for deep space applications

¢ PARTICIPANTS
- Jet Propulsion Laboratory
= Lewis Research Center
- Goddard Space Flight Center
- Industry/University Contracts

¢ AUGMENTATION

Initiates a new thrust to (1) demonstrate high power density solar
array with deployment and LILT resistant; (2) develop advance
static or dynamic conversion systems for radioisotope sources;
define integration issues/advantages of reactor-powered science
spacecraft; (3) develop energy storage for penetrators; (4) develop
advanced PMAC and thermal management for deep space missions

* PAYOFF

Provides high specific power solar arrays and high efficiency
converters with advanced PMAC and energy storage to reduce
mass and/or increase power of deep space missions
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SPACECRAFT POWER AND THERMAL MANAGEMENT
SPACE ENERGY CONVERSION R&T

QBJECTIVES SCHEDULE

Programmatic » 1994  Select radioisotope power technology

Develop andg demonstrate integrated spacecraft bus Se

tect advanced bus regul h :
technologies tor deep space applications including guiator (hybid components;
bolh PV and nuclear power sources « 1996 Demonstrate 300+ W/kg planar PV blanket
Technical Design primary battery structure

+ 1997 Demonstrate reacior Infegration, issues and
potential advantages

Flight test advanced cryo heat pipes

Dem adv. radioisotope conversion module

Dem eng load power converter (hybnd comp )
Dem light-weight radiator tech & primary batterics
Oem low noise instrument power converter using
hybrid components

- Assess advantages and issues of reactor power systems
* Reduce PV array mass by 5X
* Reduce radioisotope inveniory by up to 4X
* Provide autonomous reconfigurable power system

with 2X mass reduction, 75% parts reduction . 1998
* Reduce radiator mass and area by 2X
* Develop advancea, ntegrated sensor cooling

technology 1993  Demin
. . tegrability of advanced power conversion
E;‘:;’:i's"e (2 - 3X) and impact capability of pamary module with radioisotope power source and
10-year lite capability {modeling)
RE URCE M PARTICIPANTS
tren ax tr i * Jet Propulsion Laboratory
Light-weight planar PV array and power integrated circuns
FY-91 0 0 0 (PICs); mission Impact assessments; statc conversion
FY.a2 0 0 0 systems for radioisotope power sources
FY-93 0 0 2 + Lewis Research Center
FY-94 0 0 35 Autonomous PMAC subsystems; dynamic conversion
FY-95 0 0 - 6 technologies for radioisotope power sources. nuclear
FY-96 0 0 75 reactor analyses, moderate and high temperature
FY-g7 0 0 91 radiators; and thin film photovoltaics

+ Goddard Space Flight Center
Low temperature thermal management subsystems

SPACE ENERGY CONVERSION R&T
COART—
SPACECRAFT POWER & THERMAL MANAGEMENT

« TECHNOLOGY NEEDS

Deep space missions will require reduced radioisotope mass
(cost/availability issue) and/or improved performance from
photovoltaic arrays (low light/low temperature issue). Inner solar
system spacecraft will need high-temperature-resistant arrays.
All require lower PMAD mass, battery mass, and radiator mass.

* PROGRAMMATIC

The ongoing R&T Base program is generically focused since
resources do not permit covering all types of spacecraft.
Currently there is no focused technology on assessing,
developing, or demonstrating power technologies for deep
space missions.

* STRATEGIC PROGRAM
The resources under the Strategic budget would focus on increased
radioisotope-based system efficiency (reduces fuel requirements
and cost). These resources would enable extending the range of
photovoltaic capabilities (<1 AU to ~5 AU). In parallel, these resources
would enable similar operational environment extensions for the
other power system components.
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SPACE ENERGY CONVERSION R&T

COAR

EARTH ORBIT PLATFORM
POWER & THERMAL MANAGEMENT

J

e OBJECTIVES

Develop and demonstrate integrated power and thermal
management technologies for near-Earth missions.

e PARTICIPANTS
- Lewis Research Center
- Jet Propulsion Laboratory
- Goddard Space Flight Center
- Industry/University Contracts

e AUGMENTATION

Initiates a new thrust to develop planar and concentrator arrays
immune to the space environment with 100 W-h/kg battery systems,
integrated, high-efficiency autonomous PMAC, and integrated
thermal management for high-temperature electronics

e PAYOFF

Provides a 300 W/kg PV blanket; 100 W/kg InP concentrator module,
a 100 W-h/kg battery (flight weight), 1 - 2 kg/m2 thermal management
system with advanced PMAC integrated system and durable high
temperature electronics subsystem

-
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Possible Nuclear Electric Propulsion Concept
for Advanced Space Missions
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SN Nuclear Propulsion Program QAET

Program Goals

-

e Develop the technologies required to apply space
nuclear propulsion systems to improve the mission
performance for human missions to Mars

¢ Identify and develop at least one space nuclear thermal
propulsion system and one nuclear electric propulsion
system that, alone or in combination with other propulsion
systems, meets the propulsion requirements for piloted
and cargo missions to Mars (including unmanned precursor
missions) and for which technical feasibility issues have
been resolved

NUCLEAR PROPULSION
|
]

1
NUCLEAR THERMAL NUCLEAR ELECTRIC
PROPULSION PROPULSION

I'NUCLEAR ELECTRIC PROPULSION

The generic nuclear electric propulsion (NEP) system uses a nuclear reactor
to produce electrical power which is then used to operate low-thrust
electromagnetic thrusters (such as ion thrusters or magnetoplasmadynamic
thrusters). The advantage of NEP is that the specilic impulse is increased
by a factor of at least 10 and perhaps 20 compared to chemical propulsion
which can result in a significant reduction {factor of ~2) of the mass into low
Earth orbit. Combined with a high-thrust option (either chemical or nuclear
thermal propulsion) it can achieve the same transit times as nuclear thermal
propuision.

POALE COATHTIOMING
Cainaion P
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Basic Features of a Nuclear Electric Propulsion System
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/ NASA NUCLEAR PROPULS " PROGRAM OAEN

NEP EVOLUTION POTENTIAL

NEP MAY EVOLVE FROM kWe POWER LEVELS (SP-100) TO MULT!-MWe POWER LEVELS

NEAR TERM NEP TECHNOLOGY MAY BE APPLIED TO UNMANNED PLANETARY MiSSIONS
{e.g. OUTER PLANETS, ASTEROQIDS, COMETS) WHICH HAVE HIGH SCIENTIFIC RETURN AS
WELL AS LAYING A FOUNDATION FOR THE NEXT STEP OF EVOLUTION

HIGHLY ENERGETIC MISSIONS CAN BE PERFORMED WITH NEAR TERM NEP

TECHNOLOGY
Characteristics of Nuclear Electric Propulsion Mission Pvulution
« Powers ranpge lom kW o nuln-Mwe

= Iligh specific unpulse
- Same thuster caitoperaie atrange of specilic
mpulses
- Reduces propetlant niass
- Decreased iesupply and 1efwibishiment masses

* Long sysiem Iife
- High level of reusabiluty

'\
\%/N Pulted Hoevens

+» Enhanced Oexibulity
- Extended faunch window ) %/\
- Same vehucle used tur multiple upportunitics . N
\ i CUIIIIII()II;Illly wilh sakhaee LY 4] '.)‘!\ll:)ll.\ \MBNE%%/
- )
NASA  NUCLEAR PROPULSION PROGRAM OAET
UNMANNED EXPLORATION MISSION
(POTENTIAL) SIONS
MISSION LAUNCH DURATION NEP APPLICABILITY
Main Belt ~2000 10 years Enhancing
Asteroid
Asteroid ~2000 S years Enhancing
Sample (Possibly enabling)
Return
Jovian Post 2000 Variable Enabling
Grand Tour
Saturn Post 2000 Variable Enabling
Grand Tour
Thousand Post 2010 55+ years Enabling
Astronomical
Unit (TAU)
Comet Post 2000 6 years Enhancing
Nucleus (Possibly enabling)
Sample Return
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mI\SI\ - NUCLEAR PROPULSION STATUS QAET

NUCLEAR ELECTRIC PROPULSION
HIGH-PRIORITY NEAR-TERM TECHNOLOGIES
(Identified by Reactor and Propulsion Subpanels)

PROPULSION

- SCALING TO HIGHER POWER
- lon Thrusters/MPD Thrusters

- FACILITY UPGRADES
- Thermal Management/Pumping

+ HIGH-TEMPERATURE POWER PROCESSING
POWER

+ HIGH-TEMPERATURE, LIGHT-WEIGHT RADIATORS

» HIGH-TEMP, RAD-HARDENED POWER ELECTRONICS

« SYSTEM INTEGRATION, COMPONENT INTERACTION
KEY ISSUE: INCREASE SPECIFIC POWER (kW/kg)

Coordination and
Interfaces
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SPACE ENERGY CONVERSION R&T

=ere=
ICOORDINATION/INTERFACES \

The following is a list of some of the coordination and interfaces
involving the NASA Space Energy Conversion R&T Program

Space Technology Interface Group SP-100 Steering Committee
(STIG) (NASA/USAF) (SDIO/DOE/USAF/NASA)
Interagency Advanced Power Group SDIO Independent Evaluation Group

and Field Support Team
Space Photovoltaic Research &

Technology (SPRAT) Conference DoD Advisory/Review Panels

(AFSTC Investment Strategy, SPT-21,
Space Electrochemical Research Thermionic Advisory Team, Thermal
& Technology (SERT) Conference Management Steering Committee,

Space Power Technology Interdependency
High-Frequency Power -Distribution Group)

Control Conference
Program Office/Industry Briefings

Radioisotope Power Systems - Earth Observing System (EOS)
Requirements Workshop - ATDRSS

Aerospace Battery Systems Nuclear Propuision

Steering Committee/Battery (DoD/DOE/NASA)

Workshop/Systems Review
National Meetings (IECEC, SNPS, etc.)

‘Budgets
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POWER FUNDING TREND
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TOTAL SPACE ENERGY CONVERSION TECHNOLOGY
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WBS No. 506-41 (CURRENT BUDGET)

MEWSED &1
TECHNOLOGY ELEMENT: POWER RAT WBS 50641 CODE RP
Sub-Element Resources:
) ($M) 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
11 Photovoliaic Energy Conversion 24 23 24 25 26 27 28
-21 Chemical Energy Conversion 18 20 21 22 23 24 25
-31 Thermal Energy Conversion 1.7 1.4 15 16 1.7 1.8 19
-41 Power Management 20 1.8 1.9 20 2.1 22 23
-51 Thermal Management Q7 120 190 11 11 12 12
Sub-Element Tolals: ($M) - X 8.5 89 9.4 9.8 103 107
CoF:
Cof Totals:
Resources Requirements: (SM) 86 8.5 89 94 98 103 107
Program Suppon: ($M) 17 18 20 21 23 24 26
Special Requirements: ($M) 22 25 24 23 25 2§ 21
TOTAL ($M): 125 128 1313 18 146 153 160
Basis for Resource Estimates:

. Maintain current hunding levels; adjust for Infiation.

' Includes $1M carried over from FY90

WBS No. 506-41 (“3X” BUDGET) —

TECHNOLOGY ELEMENT: POWER RAT WBS 50641 CODE RP
Sub-Element Resources: ($M) 1991 1992 1993 1994 1995 1996 1997 1996 1399 2000 2001 2002
.11 Photovottaic Energy Conversion 24 23 34 58 72 75 83

.21 Chemical Energy Conversion 1.8 20 29 s 9 44 50

.31 Thermal Energy Conversion 1.7 1.4 19 21 24 21 30

-41 Power Management 20 18 29 33 37 a1 46

-§1 Thermal Management 07 19 13 14 w7z a8 A

Sub-Element Totals: ($M) a6 B8S 122 161 189 206 232

Cof:

Cof Totals:

Resources Requiremnents: (SM) 8.6 85 122 161 129 206 2).2

Program Suppof: ($M) 1.7 1.8 1.8 2.0 23 26 28

Special Bequirements: (M) 22 25 18 20 22 24 28

TOTAL ($M): 125 128 158 201 24 258 26

Basis for Resource Estimates:

- Grow photo ic and d ) energy ge and power manag nt technologles to make dramatic reductions in

spacecraft mass allocated 10 power. .
Maintain a supporting base aciivity in thermal energy conversion and thermal management.

insufficlent resources to deveiop sn sdvanced concepls lechnology program as a saparste sub-element program. Advanced concepls
will be worked In the existing sub-elements.

¢ Inmcludes $1M carried over from FY90
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WBS No. 506-41 (STRATEGIC BUDGET)

NEWSED &1
TECHNOLOGY ELEMENT: POWER RaT WBS 50641 CODE RpP
SutrElement Resources: ($M) mlmzlmuummmmnmmmm
<11 Photovoltale Energy Conversion 24 23 33 46 59 72 85

-21 Chemical Energy Conversion 1.8 20 28 34 39 44 50

+31 Thermal Energy Conversion 1.7 1.4 1.8 2.1 2.4 27 390

41 Power Management 20 18 28 3.2 7 4.1 45

-51 Thermal Management 0.7 1.0 1.1 1.4 1.7 19 23

91 Advanced Concepts 00 00 27 24 2 28 4

Sub-Element Totats: ($M) 86 85 139 171 204 2.1 277

CoF:

CoF Totals:

Bmumgj_ﬂggumm: ($M) a6 85 139 174 208 249 277
Brogram Suppart: ($m) 1.7 1.8 1.8 2.2 26 30 34
Special Requirements: (SM) 22 25 20 22 24 26 28
TOTAL ($M): RE 1280 127 215 259 A7 09

+  Grow photovoltaic and assoclated chemical

energy storage and power Mmanagement technologies 10 make dramatic reductions in
Spacecraft mass allocated 10 power.

PtS program to permn Gevelopment of Innovative technologies 1hat promise revolutionary Improvements In
pertormance.

Maintain a supporting base activity in thermal energy conversion and thermal management.
Includes SIM carried over Jrom £Y90

FOCUSED TECHNOLOGY PROGRAM

SPACE ENERGY CONVERSION TECHNOLOGY

—
300 -
3 ]
e
[/}
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35 B
e 0O STRATEGIC

FISCAL YEAR
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FOCUSED TECHNOLOGY PROGRAMS
SPACE ENERGY CONVERSION R&T

=c): L
CURRENT BUDGETJ
c s TR =

PROGRAM ELEMENT FY91 FYa2 FYS3 FY94 FYQs FYQ96 FY9?7
SPACE NUCLEAR POWER 10 20 25 25 20 20 20.9
HIGH CAPACITY POWER 10.4 10.6 4.5 4.6 4.8 5 5.2
SURFACE POWER & 0.6 0 0 0 0 0 0
THERMAL MANAGEMENT

MOBILE SURFACE 3 0 0 0 0 0 0
SYSTEMS
LASER POWER BEAMING 0 0 0 0 0 0 0
EARTH ORBITING 0 0 0 0 0 0 0

PLATFORM POWER &
THERMAL MANAGEMENT

SPACECRAFT POWER & 0 0 0 0 0 0 0
THERMAL MANAGEMENT
TOTAL 24 30.6 29.5 29.6 24.8 25 26.1

Basis for Resource Estimates: Maintain current funding levels

FOCUSED TECHNULOGY PROGRAMS
SPACE ENERGY CONVERSION R&T

—O AL

LL "3X" BUDGET

bl

PROGRAM ELEMENT FY91 FY92 FY93 FYQ4 FY95 FY96 FYs?z
SPACE NUCLEAR POWER 10 20 25 25 26 27 28
HIGH CAPACITY POWER 10.4 10.6 10.9 12 123 12.6 18
SURFACE POWER & 0.6 0 34 9 12.6 14 18
THERMAL MANAGEMENT
MOBILE SURFACE 3 0 0 0 0 0 0
SYSTEMS
LASER POWER BEAMING 0 0 8 40 64.3 70 75
EARTH ORBITING 0 0 35 6.5 75 8 10

PLATFORM POWER &
THERMAL MANAGEMENT

SPACECRAFT POWER & 0 0 0 0 0 0 0
THERMAL MANAGEMENT
TOTAL 24 30.6 55.6 100.5 13141 140.5 161

Basis lor Resource Estimates: Grow Surf. PwriLaser Beaming/E-0 Platforms to make dramatic reductions In
spacecraft mass allocated to power
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FOCUSED TECHNOLOGY PROGRAMS
SPACE ENERGY CONVERSION R&T

" STRATEGIC BUDGET

PROGRAM ELEMENT FY31 FYg2 FY93 FY94 FY95 FY96 FY97
SPACE NUCLEAR POWER 10 20 25 25 26 27 28
HIGH CAPACITY POWER 10.4 10.6 1.1 16.8 23 305 23
SURFACE POWER & 0.6 0 5 1.7 18.5 24.2 253
THERMAL MANAGEMENT
MOBILE SURFACE 3 0 0 3 3.2 8 10.4
SYSTEMS
LASER POWER BEAMING 0 0 13.5 56.9 82.5 90.8 41
EARTH ORBITING 0 0 5.1 10.2 13.5 14.3 14.7
PLATFORM POWER &
THERMAL MANAGEMENT
SPACECRAFT POWER & 0 0 2 3s 6 7.5 9.1
THERMAL MANAGEMENT

TOTAL 24 30.6 61.7 127.1 172.7 202.3 151.5

Basis for Resource Estimates: Grow Surf. Pwr/Laser Beaming/E-0 & SC Platiorms/Hi Capacity Pwr to make
dramatic reductions in platform/base power mass (or increased power)

CODE RP POWER FUNDING
POWER FUNDS DISTRIBUTION FOR FY 91
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Summary

SPACE ENERGY CONVERSION R&T
[SUMMARY

s TECHNICA A N
To make a 2X to >10X improvement in the performance of space power systems
(specific power/energy, efficiency, lifetime, reliability, etc.)

To enable a wide range of future space missions while holding the power
mass fraction at or below today's technology

o APPROACH
Develop lighter, more efficient primary power sources and energy storage
systems with lighter, more reliable, more compact power management & control
with innovative thermal management and power distribution.

e PAYOFF
This technology will enable future missions to provide the same power at
greatly reduced mass or more power from the same mass. More importantly,
this technology will enable a host of future SEI and other space missions.

U Ti 3 TION
These resources will allow the base technology to be moved out of the laboratory
and demonstrated to a degree that users can take it over. These resources
will permit work on new technologies focused on fulure space missions.
e RELATIONSHIP TO OTHER PROGRAMS
This work is closely coupled (base + focused) and is well coordinated with other
agencies and users.
e JECHNOLOGY CONTRIBUTIONS
SSF (PV,NiH2,SD, Env.), HST (NiH2), EOS (PV,NiH2, Therm. mgmt), DoD (NiH2), GaAs,
USAF (Li primary)
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External Review
Process

INTEGRATED TECHNOLOGY +iAN FOR THE CIVIL SPACE PROGRAM

EXTERNAL REVIEW APPROACH
= — e

OBJECTIVES

"NASA (SHOULD) UTILIZE AN EXPERT, OUTSIDE REVIEW
PROCESS, MANAGED FROM HEADQUARTERS, TO ASSIST
IN THE ALLOCATION OF TECHNOLOGY FUNDS"™

e REVIEW THE PROCESS USED FOR DEVELOPING THE
INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE

PROGRAM

e ASSESS THE TECHNICAL CONTENT OF THE PROPOSED ITP

IDENTIFY KEY TECHNOLOGY AREAS THAT NEED TO BE ADDRESSED
FIRST-ORDER EVALUATION OF THE ESTIMATES OF "COST FOR
ACCOMPLISHMENT"

— RECOMMEND ADJUSTMENTS IN PRIORITIES AND RESOURCE PLANNING

e ASSESS THE ACCOMMODATION OF USER NEEDS

— EVALUATE STRATEGIC AND NEAR.TERM TECHNOLOGY PLANS AGAINST
TECHNOLOGY NEEDS OF FUTURE MISSIONS
AECOMMEND POTENTIAL CHANGES IN THE PHASING OF NEW PROGRAMS TO
BETTER MEET TECHNOLOGY NEEDS

MAY 1Y, 109
JCM Pakt
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INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

ITP EXTERNAL REVIEW PLANNING

DETAILED REVIEW APPROACH

e PROVIDE OVERVIEWS IN PLENARY SESSION PRESENTATIONS
— MISSION USER TECHNOLOGY NEEDS AND APPLICATIONS
— EXTERNAL PERSPECTIVES ON SPACE TECHNOLOGY
— STRATEGIC OVERVIEW OF INTEGRATED TECHNOLOGY PLAN

e REVIEW THRUSTs PLENARY SESSION

e PRELIMINARY =

— SCIENCE, EXPLORATION, TRANSPORTATION, PLATFOAMS, & OPERATIONS

e CONDUCT IN-DEPTH REVIEWS AGAINST VERTICALLY-INTEGRATED
DISCIPLINE RESEARCH AREAS
— PARALLEL TO 1987 ASEB STUDY APPROACH

- ASSESS PLANS/DEVELOP RECOMMENDATIONS USING PANEL
CHAIRMAN & RECORDING SECRETARY APPROACM

e CONDUCT SELECTED REVIEWS IN ADDITIONAL SPECIAL TOPIC AREAS
— RESEARCH AREAS, MANAGEMENT TOPICS

— ASSESS PLANS/DEVELOP RECOMMENDATIONS USING PANEL
CHAIRMAN & RECORDING SECRETARY APPROACH

¢ CONDUCT DETAILED REVIEW DISCUSSIONS IN AD HOC SESSIONS, TO

BE DETERMINED AT THE MEETING; COORDINATE AND REPORT WORKING

GROUP RESULTS THROUGH PLENARY SESSION

e DEVELOP SUMMARY RECOMMENDATIONS IN STEERING COMMITTEE
SESSION(S)

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

EXTERNAL REVIEW APPROACH

-_—_{mm

PRODUCT

A FORMAL REVIEW REPORT, TO BE PUBLISHED WITHIN
60 DAYS OF THE END OF THE MEETING

® PROGRAMMATIC RECOMMENDATIONS AND/OR ASSESSMENTS REGARDING
DISCIPLINE AREAS (INCLUDING BOTH BASE AND FOCUSED PROGRAMS)
=~ WHAT ARE THE RIGHT RESEARCH ISSUES, ARE THEY BEING ADDRESSED?
— WHAT IS THE RIGHT LEVEL OF INVESTMENT, IS IT PROVIDED FOR IN THE iTP?

— WHAT IS THE RIGHT BALANCE OF RESOURCES ACROSS THE ELEMENTS
IN THE AREA (L.E., WHAT ARE THE RIGHT PRIORITIES AND WHY?)

¢ PROGRAMMATIC RECOMMENDATIONS AND/OR ASSESSMENTS REGARDING
TECHNOLOGY THRUSTS
— WHAT ARE THE RIGHT MISSION NEEDS, ARE THEY BEING ADDRESSED?
— WHAT IS THE RIGHT LEVEL OF INVESTMENT, IS IT PROVIDED FOR IN THE ITP?

— WHAT IS THE RIGHT BALANCE OF RESOURCES ACROSS THE ELEMENTS
IN THE THRUST? (1.E., WHAT ARE THE RIGHY PRIORITIES AND WHY?)

® PROGRAMMATIC RECOMMENDATIONS AND/OR ASSESSMENTS FOR
THE OVERALL PROGRAM

— ARE THE RIGHT RESEARCH ISSUES AND MISSION NEEDS BEING ADORESSED?
— WHAT IS THE RIGHT LEVEL OF INVESTMENT, IS IT PROVIDED FOR IN THE ITP?

— WHAT IS THE RIGHT BALANCE OF RESOURCES ACROSS THE THRUSTS
AND IN THE R&T BASE? (L.E., WHAT ARE THE RIGHT PRIORITIES AND WHY?)

MAY 14 199}
JCM 7463

PT1-68



SPACE ENERGY CONVERSION R&T

5 &
=

EREVIEW QUESTIONS‘

e Is the program content/approach correct?

e Is the level of investment correct?

e Given the available funding are the priorities correct?
e Is the user interface functioning properly?

e Are the efforts being properly coordinated?

e Are the user needs being met?

e Are the participants correct?

e Is the R&T Base content innovative enough to provide
improved capability for future user/mission applications?

e Does the R&T Base activity maintain or enhance NASA's
technical capabilities?

Backup Material
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SPACE ENERGY COI.ERSION BASE R&T

PHOTOVOLTAIC ENERGY CONVERSION

—‘M

TECHNOLOGY NEEDS

THE HIGH PERFORMANCE PHOTOVOLTAIC ENERGY CONVERSION
PROGRAM WILL DEVELOP TECHNOLOGY THAT CAN SUPPORT A

WIDE RANGE OF EARTH ORBITING AND INTERPLANETARY MISSIONS
INCLUDING:

* SPACE STATION
+ REDUCES ARRAY AREA BY >1/2

* EARTH OBSERVING SYSTEM

* LONG LIFE, LIGHT-WEIGHT, RADIATION-HARD ARRAY
* LUNAR/MARS SURFACE POWER
* COMPACT, TRANSPORTABLE ARRAYS

* ELECTRIC PROPULSION
+ LEO-GEO AND INTERPLANETARY

* COMMUNICATIONS SATELLITES
* ALL NEAR-EARTH MISSIONS

SPACE ENERGY CO.. ERSION BASE RA&T

CHEMICAL ENERGY CONVERSION

e ————— —————————————————

TECHNOLOGY NEEDS

+ THE CHEMICAL ENERGY CONVERSION AND STORAGE TECHNOLOGY
PROGRAM WILL SUPPORT EMERGING PLANETARY AND SCIENCE
MISSIONS DEMANDING HIGH SPECIFIC ENERGY (3X STATE OF
THE ART) AND LONG-LIFE RECHARGEABLE BATTERIES, INCLUDING

* PLANETARY SPACECRAFT
* RECHARGEABLE LITHIUM, NICKEL-HYDROGEN SYSTEMS OR ADVANCED

* SURFACE EXPLORERS/ROVERS

+ RECHARGEABLE Li, NiH2, FUEL CELLS OR ADVANCED CONCEPTS
*  LUNAR/MARS SURFACE POWER
* REGENERATIVE FUEL CELLS

* PENETRATORS
+ RECHARGEABLE LITHIUM

*  ALL NEAR-EARTH MISSIONS (ATDRSS/EOS/SATCOMS/SSF
SHUTTLE EMAs)
*  PENETRATORS
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SPACE ENERGY CONVERSION BASE R&T

THERMAL ENERGY CONVERSION

— g

TECHNOLOGY NEEDS

THE THERMAL ENERGY CONVERSION PROGRAM WILL PROVIDE
THE ENHANCING AND ENABLING TECHNOLOGIES FOR:

SPACE STATION
* LIGHT-WEIGHT, LOWER COST, HIGH PERFORMANCE SOLAR DYNAMIC

SURFACE EXPLORERS/ROVERS
RADIOISOTOPE THERMOELECTRIC GENERATORS OR AMTEC

* LUNAR SURFACE POWER
* LUNAR MATERIAL FOR THERMAL ENERGY STORAGE

* PROBES AND PENETRATORS
« RTGs and AMTEC

* DEEP SPACE ORBITAL AND FLYBY MISSIONS (INCLUDING
ELECTRIC PROPULSION)

¢« RTGs, AMTEC, and REACTORS

SPACE ENERGY CuUinVERSION BASE Ra&T

POWER MANAGEMENT

TECHNOLOGY NEEDS

THE POWER MANAGEMENT TECHNOLOGY PROGRAM WILL
SUPPORT TECHNOLOGIES FOR CONDITIONING, DISTRIBUTION
AND CONTROL OF ELECTRICAL POWER FOR THE FULL RANGE
OF SPACE AND PLANETARY MISSIONS, INCLUDING:

« EARTH OBSERVING SYSTEMS
« INCREASED POWER DENSITY

* SURFACE EXPLORERS/ROVERS
REDUCED VOLUME/SMART PMAD/LASER POWER BEAMING

*  LUNAR/MARS SURFACE POWER

« AUTONOMOUS OPERATION OF COMPLEX SYSTEM IN HOSTILE
ENVIRONMENT/LASER POWER BEAMING

*  PROBES AND PENETRATORS
« REDUCED VOLUME/INCREASED POWER DENSITY/HOSTILE ENVIRONME

+ DEEP SPACE ORBITAL AND FLYBY MISSIONS (INCLUDING
ELECTRIC PROPULSION)

+ REDUCED VOLUME/AUTONOMOUS OPERATION/HOSTILE ENVIRONMEN
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3FACE ENERGY CONVERSION BASE R&T

THERMAL MANAGEMENT
e ———————————— e .

TJECHNOLOGY NEEDS

THE THERMAL MANAGEMENT PROGRAM WILL PROVIDE
HIGHLY ADVANCED THERMAL MANAGEMENT TECHNOLOGIES
TO ENABLE:

* LOW MASS SPACE RADIATORS
* IMPORTANT FOR ALL PLANETARY AND SPACE MISSIONS

RADIATOR SIZE REDUCTIONS FOR SPACE POWER
ELECTRONICS

*+ IMPORTANT FOR ALL SPACECRAFT AND BASES

THERMAL CONTROL FOR SPACECRAFT INSTRUMENTS,
SENSORS, AND OTHER HEAT DISSIPATING EQUIPMENT

* IMPORTANT FOR ALL SPACECRAFT AND BASES

SPACE ENERGY CONVERSION R&T
e ————————

FOCUSED POWER PROGRAMS THAT AFFECT THE BASE

+ SPACE PLATFORMS

PLANAR AND CONCENTRATOR ARRAYS IMMUNE TO SPACE
ENVIRONMENT

* IMPROVED BATTERY SYSTEMS (APPROACHING 150 Whikg)

* INTEGRATED, HIGH-EFFICIENCY POWER MANAGEMENT & CONTROL
THAT IS HIGHLY AUTONOMOUS (GOAL: 2X REDUCTION IN MASS)

* HIGH EFFICIENCY (2X - 4X IMPROVEMENT) CONVERSION SYSTEMS FOR
DEEP SPACE MISSIONS

¢ INTEGRATED THERMAL MANAGEMENT/HIGH TEMPERATURE ELECTRON
TO YIELD 3X REDUCTION IN SPACECRAFT BUS MASS

* EXPLORATION (SURFACE POWER/MOBILE SURFACE POWER)
* HIGH-EFFICIENCY CONVERSION SYSTEMS (e.g., STIRLING, T/E)

* HIGH ENERGY DENSITY STORAGE (REGEN. FUEL CELLS/BATTERIES)
* THERMAL MANAGEMENT
* LASER POWER BEAMING
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INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

OSO TECHNOLOGY NEEDS

S OAET —————— e

HIGHEST-PRIORITY

High-Rate Communications

Optcal and Milimeter Wave Radio Frequencies
{!or space-10-ground and space-to-space}

Advanced Data Systems

Advanced Daia Storage, Data Compression. and
Information Management Systemns

Advanced Navigation Techniques

New techmiques for cruise, approach,
and in-orbit nawvigation

Mission Operations

Artificial Intelhgence. Expert Systems. Neural
Networks, Incrzeased Automaton in Mission Operations,
Teslbeds lor Advanced Software, Coordination of
Distributed Sottware, and Automated Performance
Analysis of Networkung Computing Environments

LBF 403042
{JCM 68323)

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

OSF TECHNOLOGY NEEDS

ey B} S fmteestestesttt———————————————— e —————————————————————

HIGHEST-PRIORITY

Program Unique Requirements

Vehicle Heaith Management
Advanced Turbomachinery (Components/Models)
Combuston Devices
Advanced Heal Rejection Technologies
High-Efliciency Space Power Systems
Water Recovery and Management
Advanced Extravetucular Mobiity Unit
Electromechanicat Control Systems
Crew Trainng Systemns
Charactenization of Ai-Li Aboys
Cryogen Storage. Handiing 8 Supply
TPS for High-Temp. Applications
Robotic Systems
Ortutal Debris
Guidance, Nawgation 8 Control
Advanced Avionics Architectures

Industry Driven Technologies

Sgnal Transnmission and Reception
Advanced Avionics Soltware
Video Technologies
Environ. Safe Cleaning Solvents, Refrig/Foams
Non-Destructive Evaluation

L8Fea3022
UM Ga3Sa)
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INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

MFPE/SEI TECHNOLOGY NEEDS

HIGHEST-PRIORITY

Category 1

Radiation Protection
EVA Systems
Nuclear Therma! Propuision
Regeneraiive Lite Support
Cryo. Flud Mgl, Slorage & Transter
Micro-G Countermeasures/Art. Grawty
Aefobraking

Category 2

Auto. Rendtezvous & Docking
Health Maintenance & Care
In-Space Systems Assy/Processing
Surlace Systems Construction/Processing
Cryogenc Space Engines
in Situ Resource Utilization
Surtace Power

Category 3

Autonomous Landing
Human Factors
Surface System Mobiiity & Guidance
Electnc Propuision
Sample, Acquisition, Analysis & Preserv.

LBF4030W
(JCM 6836a}

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

Space Exploration Initiative Technology Needs
—y)

HIGHEST-PRIORITY

Category 1

Radiation Protaction
EVA Systems
Nuclear Thermal Propulsion
Regenerative Lile Support
Cryo. Flud Mg, Siorage & Transter
Micro-G Countermeasures/Ant. Grawity
Aerobraiung

Category 2

Auto. Rendezvous & Docking
Health Mantenance & Care
In-Space Systems Assy/Processing
Surlace Sysiems Conslruchon/Processing
Cryogenc Space Engnes
In Siu Resource Utlization
Surtace Power

Category 3

Autonomous Landing
Human Faclors
Surface System Mobility & Guidance
Electric Propuision
Sample, Acquisition, Analysis & Preserv.

LBF40302e
{JCM 6836s)
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HIGHEST
PRIORITY

2ND HIGHEST
PRICRITY

3RD HIGHEST
PRIORITY

INTEGRATED TECHNOLOGY PLAN FOR THE CIVIL SPACE PROGRAM

Office of Space Science and Applications

NEAR-TERM NEED

Sub mm & 4 wave Senseg
Long Lite Cryo CoolersCryo Sharidng
High Enavgy Deteciors
Sensor Readout € lecyorecs
Vibraton 'solaton T echnology
£ McentQuiet Ramgeraior ¥ reezer
Exrvems Upper Atmosphere s Platforms

Hgh Frame RaleRes VideoDaa Comoress
2 410 4 Meter 100 K Lghmegit PSR
Solar ATayy/Cels
Auvtomaled Bromedical Analyus
Radiaton Harcened PansDeweciors
Long Lile/High Energy Densuty Banenes
Reat Time Erwvwormental Convol
Saace Quakfied Maserson Clocks
Fiad Dragnosncs

Descant ymagng/Mww ATG M Camera
X Bang Transponcens
Unra High Gugabrt/sec  Telemetry
My Spacecralt Subsysmems
Reat Tyme Radason Morronng
Sohd/Liuad Intertace Characienzason
Lases Lighl Scaheng
Hugh Temperatre Malls tor Fumaces
Freid Portable Gas Chromatographs
Asv Furnace Technoiogy

MID-TERM NEED

Long Lie. Stabie. Tunable Lasers
Solw Prabe. Mercury Ortater Thermai Prolect.

High Vol DensityRate Onboard Cala Siorage

nectecometsr Sowate Technology

Auo Sequencing & CMD Gereraton
Aulo S/C Moruonng & F sl Recovery
32 GH1z TWT/Opical Communscabons
Talnsaence/Telepresance: At nielhgerce
Improved £ VA SLvPLSS (EMU)
Combusbon Devices
Plasma Wave Anterna/ Thermal

Regeneratrve Lde Support
Tharmal Corwrol Sysmem
Non Contacl Temp Measuremant
3 0 Pachagng lor 1MB Sokd Staie Chos
b
Aramal and Pant Reproducson Ads
Soecial Purpose Biorescir Simulator Syst

Raped SubrecySampee Detrvery & Retum Capatubty

PT1-75

FAR-TERM NEED

Sirucises LvgeConroledDeplcyed/Ant'a

Aoboncs
Precision inier S/C Ranging/Posiboreng
S0 100 Xsowat! o Proputsion (NEP)
Large Filed Agerises

Parakel SW Env tor Mode!8Data Visuahzaton

Compuaatonal Techmques

SIS 3 THz Hewrodyne Recerver
SETi Osteciy Technologees

Wi Ascent Vetscie/Lander Decateration

Rackaton Sheeiding tor Crews
SAAPProbesIn Situ Ml wPeneiralors
Human Arthca) Geavity Systems
X Ray Opacs Technology

Ratsned Sampie Biobarmer Analysis Cap

Fagh Resohison Specirometer

Autonomairs Rendezvous/Sample Xierandng

Non Desirucirve Morsionng Capsteity
Low Dnft GyrosTrackers Actuators
Hea! Shueid for 16 krvaec Earth anry
Paral Giu G Medical Care Sysems
Dust PromctorvJupster's Fungs
Non Desiructve Cowme Dust Colecton
CELSS Support Techvologees

LBF 40301
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SPACE PHOTOVOLTAIC
ENERGY CONVERSION

PRESENTED
AT THE
ITP EXTERNAL REVIEW

McLEAN VIRGINIA
JUNE 26, 1991

DENNIS J. FLOOD
LEWIS RESEARCH CENTER

SPACE ENERGY TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET -
[ PHOTOVOLTAICS |
OBJECTIVES SCHEDULE (Strategic Budget)
® Programatic ©1992 12-panel APSA
Develop and Demonstrate High Efficiency Lightweight, ® 1993 Conc. Array Preliminary Design

Long Life, Durable Photovoltaic Celt and Array Technology | @ 1994 Demonstrate Thin 20% InP Cell
@ 1995 Demonstrate High-Temperature Blanket

® Technical © 1996 Demonstrate >10% CIS Flexibie Blanket
W mon. 0 > XN
230 g Fanar A:::;’“‘"dm ©1997 Demonstrate Blanket for 300 Wrkg Array
© 1998 Demonstrate 2nd Generation APSA

< 1% Cell Degradation, 10 Years GEO

21000 Wrkg Flexible Blankst ©1999 Ground Test 330 W/m?2 1 kW Concentrator Array

RESOURCES(M$) PARTICIPANTS
CURRENT 3X STRATEGIC o LEW!IS RESEARCH CENTER
® 1991 2.4 24 2.4 Advanced Cell and Bianket Technology

©1992 23 23 23
®1993 2.4 3.4 33
1994 25 5.8 46 e JPL
®1995 26 7.2 59 _ _
®1996 27 75 7.2 Lightweight Arrays
®1997 28 8.8 85

PT2-1



SPACE ENERGY TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET -
PHOTOVOLTAICS
OBJECTIVES SCHEDULE (Current Budget)
® Programatic ® 1992 LILT Degradation MechanisnvSolution Determined
Develop and Demonstrate High Efficiency Lightweight, © 1993 Amorphous Silicon Radiation Damage Studies
Long Life, Durabie Photovottaic Cell and Array Technology Complete
o Technical ® 1994 Demonstrate Low Temp. Deposition of CIS Cells

on Flexible Blanket Material
®1995 Demonstrate >19% InP Cell on Foreign Substrate
©® 1996 Fabricate APSA Thin Film Cell Flexible Blanket
® 1997 Fabricate Blanket for 300 Wig Aray

2300 W/kg Planar Armay Technology
2330 W/m2 Conc. Amrays

£ 1% Cell Degradation, 10 Years GEO
21000 W/kg Flexible Blanket

BESQURCES(M$) PARTICIPANTS
CURRENT 3X STRATEGIC ® LEWIS RESEARCH CENTER
® 1991 24 2.4 2.4 Advanced Cell and Blanket Technology

® 19392 23 23 23
®1993 2.4 3.4 33

® 1994 25 58 4.6 e JPL
® 1995 26 7.2 5.9 _ ,
® 1996 27 7.5 7.2 Lightweight Arrays

®1997 28 8.8 85

SPACE SCIENCE TECHNOLOGY

PHOTOVOLTAICS
3

TJECHNOLOGY NEEDS

« SUPPORTS A BROAD SPECTRUM OF PLANNED AND FUTURE
NASA/DOD/COMMERCIAL MISSION POWER REQUIREMENTS

* SPACE STATION
* EOS
* LUNAR/MARS SURFACE POWER

EP/ORBIT TRANSFER, INTERPLANETARY TO 8 AU
COMSATS

BRILLIANT EYES

ALL NEAR EARTH MISSIONS

PT2°2 TP91-010.3
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SPACE SCIENCE TECHNOLOGY
PHOTOVOLTAICS

e g

TECHNOLOGY CHALLENGES/APPROACH

+ TECHNOLOGY DEVELOPMENT CHALLENGES:
« EXTEND MISSION LIFE

« REDUCE ARRAY MOMENT OF INERTIA (i.e., MASS & AREA)
+ REDUCE COST

» TECHNOLOGY DEVELOPMENT APPROACH:
» BASE R&T ON CELLS & ARRAY CONCEPTS

« FOCUSSED DEVELOPMENT OF HIGH EFFICIENCY,
LIGHTWEIGHT, CONCENTRATOR ARRAY

« COORDINATE PLANNING & IMPLEMENTATION WITH
PROSPECTIVE USERS, (e.g., SSF, EOS, SEI, DOD, etc.)

ITP91.010.4

SPACE ENEF ' TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET

PHOTOVOLTAIC ENERGY CONVERSION
TECHNOLOGY BENEFITS

e 3X HIGHER SPECIFIC POWER
+30 W/KG SOA TO > 300 W/KG ADV. PLANAR

e 10X HIGHER POWER DENSITY
+110 W/SQM TO > 330 W/SQM

e 20X BETTER RADIATION RESISTANCE
+>20% TO < 1%, 10 yrs GEO

PT2-3



SPACE ENEF  * TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET
EVOLUTION OF ARRAY SPECIFIC POWER
400
300 A
SPECIFIC
POWER il
(w/ke) 2%
100 4
'’ 3 B E
THIN
L£OS APSA InP/Si FILM
SPACE ENER’ TECHNOLOGY
SPACE ENERGY CONVERSION
= OAET
Evolution of Array Power Density
400
300 4
Power
Density
w/Sq M
200

100 18

EOS APSA InP J0%R
2 MIL Conc Conc
Sl

PT24



SPACE SCIENCE TECHNOLOGY
PHOTOVOLTAICS

PP

STATE-OF-THE-ART ASSESSMENT

CURRENT: » BODY MOUNTED OR DEPLOYABLE RIGID
« DEPLOYABLE FLEXIBLE ARRAYS
« NO CONCENTRATOR ARRAYS

+ SiPLANAR CELLS

« 110 W/ime,, 25 - 40 Wikg
» 25% - 40% DEGRADATION, 7 YEARS GEO
(2 mil Si CELL @ 15% DEGRADATION)

« GaAs PLANAR CELLS
« 2170 Wim2, 25 - 40 Wikg
« 15% DEGRADATION, 10 YEARS GEO
« OAET/APSA (ADVANCED PHOTOVOLTAIC SOLAR ARRAY)

+ 2mil Si CELL
+ 110 W/m2, 130 Whkg
+ 20% DEGRADATION, 10 YEARS GEO

mP91-010.5

SPACE ENERt  TECHNOLOGY
SPACE ENERGY CONVERSION

HIGH PERFORMANCE PHOTOVOLTAIC SOLAR ARRAYS

= OAET

CURRENT PROGRAM

o ADVANCED PHOTOVOLTAIC SOLAR ARRAY (APSA)

COMPLETE FABRICATION AND VERIFICATION OF 12 PANEL LIGHTWEIGHT PROTOTYPE ARRAY
WING

DEVELOP DESIGN MODIFICATIONS FOR RETRACTION AND RELATCHING
DEVELOP ALTERNATIVE CIRCUIT DESIGNS FOR SHADOWING AND CELL BREAKAGE
o RADIATION EFFECTS ON LIGHTWEIGHT BLANKET COMPONENTS
DETERMINE PROTON AND ELECTRON DAMAGE EQUIVALENCE FOR GaAs/Ge SOLAR CELLS
CALCULATE GaAs/Ge CELL BEHAVIOR FOR POTENTIAL MISSION APPLICATIONS
o LOW INTENSITY, LOW TEMPERATURE (LILT) EFFECTS
DETERMINE MECHANISM FOR LILT DEGRADATION IN SILICON

DETERMINE METHOD(S) FOR AVOIDING LILT DEGRADATION
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SPACE ENERC  TECHNOLOGY
SPACE ENERGY CONVERSION

R&T BASE PROGRAM

HIGH PERFORMANCE PHOTOVOLTAIC SOLAR ARRAYS

= OAET

PERFORMANCE OBJECTIVES

PERFORMANCE CURRENT FUTURE
REQUIREMENT FLIGHT SOA SAL APSA OBJECTIVE
SPECIFIC POWER 3040 65 130 300
(w/kq)
WING POWER LEVEL 0.2-3.0 3-15 3-15 3-250
(kw)
LIFETIME 5-10 5-10 10-15 15-20
(years)

highperf

SPACE ENERGY TECHNOLOGY

PHOTOVOLTAIC ENERGY CONVERSION
a

CURRENT PROGRAM

+ PERFORMANCE VERIFICATION AND CELL FUNDAMENTALS

* HIGH ALTITUDE AND LABORATORY SIMULATOR CELL MEASUREMENTS
+ THERMAL CYCLING .
+ RADIATION DAMAGE STUDIES

+ HETEROEPITAXIAL InP SOLAR CELLS
* DEVELOP 2 17%, RADIATION RESISTANT InP CELL ON LOW COST,
LIGHTWEIGHT SUBSTRATE
+ CONCENTRATOR ARRAY TECHNOLOGY

* DEMONSTRATE KEY COMPONENT TECHNOLOGY FOR 2 300 W/m2 ARRAY
+ COMPLETE TESTS OF PASP-PLUS FLIGHT HARDWARE

+ THIN FILM CELL R&T
* DEMONSTRATE CIS TECHNOLOGY FOR 1000 W/kg FLEXIBLE SOLAR BLANKET

+ SELECTIVE EMITTER/PY CONVERTER R&T

* DEMONSTRATE KEY TECHNOLOGIES FOR 2 20% DIRECT
THERMAL-TO-ELECTRIC CONVERSION

+ HIGH EFFICIENCY InP CELLS
+ DEMONSTRATE 2 20% EFFICIENT PLANAR CELL

ITP91-010.12
PT2-6



SPACE ENERGY 1CHNOLOGY
PHOTOVOLTAIC ENERGY CONVERSION

- IR
s L e —— — ]

inP ON FOREIGN SUBSTRATE PERFORMANCE OBJECTIVES

PERFORMANCE DEVELOPMENT
REQUIREMENT CURRENT SOA GOALS
CELL EFFICIENCY 10% 2 19%
OEGRADATION % <1%
(10 YEARS GEQ)
ARRAY SPECIFIC POWER (W/kg)
BOL % 380
10 YEARS GEO 92 376
ARRAY SPECIFIC AREA (Wim2)
BOL 82 160
10 YEARS GEO n 158
APPROXIMATE NEED DATE 1995

TP91-010.8
SPACE SCIENCE TECHNOLOGY
PHOTOVOLTAICS
C!S BLANKET PERFORMANCE OBJECTIVE
PERFORMANCE
REQUIREMENT PRESENT SOA DEVELOPMENT GOALS
CELL EFFICIENCY 1%+ 211%
(RIGID SUBSTRATE) (FLEXIBLE SUBSTRATE)
CELL DEGRADATION % S1%
(10 YEARS GEO) (ESTIMATED)
BLANKET SPECIFIC POWER
BOL 24 Whg* >1000 Wg *
10 YEARS GEO 23 Wkg* >990 Wkg *
BLANKET SPECIFIC AREA
BOL 135 Wim2 * 135 W/m2 *
10 YEARS GEO 110 W/m2 * 133 Wim2 *
APPROXIMATE NEED DATE 1996
* ESTIMATED FROM TERRESTRIAL MEASUREMENT (NO SPACE CALIBRATED STANDARD AVALABLE)
TP91-010.8
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SPACE ENERGY 1ECHNOLOGY
SPACE ENERGY CONVERSION

m

CONCENTRATOR ARRAY TECHNOLOGY PERFORMANCE OBJECTIVES

MINI-DOME FRESNEL LENS CONCENTRATOR ARRAY

PERFORMANCE SOA REFLECTIVE DEVELOPMENT GOALS
REQUIREMENT CONCENTRATOR SYSTEMS MINI-DOME TECHNOLOGY
CONCENTRATOR ELEMENT EFFICIENCY 80-90% >95%
CONCENTRATOR ELEMENT MATERIAL ~ METALLIC REFLECTORS POLYMERIC MATERIALS
PHOTOVOLTAIC CELL EFFICIENCY 18-20% 30%
ARRAY LIFETIME 10 YEARS (GEO) 10 YEARS (GEO)
cosT HIGH LOow*
ARRAY SPECIFIC POWER (W/kg) 25-40 > 100
ARRAY SPECIFIC AREA (W/m2) 160 - 180 > 330
APPROXIMATE NEED DATE 1998

* TAKES ADVANTAGE OF AUTOMATED, LOW-COST FABRICATION AND ASSEMBLY TECHNKQUES

TP91-010.7
SPACE SCIENCE TECHNOLOGY
PHOTOVOLTAICS
THIN InP SOLAR CELLS PERFORMANCE OBJECTIVE
PERFORMANCE
REQUIREMENT PRESENT S . DEVELOPMENT GOALS
CELL EFFICIENCY 19.1% > 20%
CELL THICKNESS (MICROMETER) 380 10
CELL DEGRADATION
10 YEARS GEO 75% <%
BLANKET SPECIFIC POWER (W/kg)
BOL 85 25
10 YEARS GEO 7 vy
BLANKET SPECIFIC ARES (W/m2)
BOL 173 180
10 YEARS GEO 160 178
APPROXIMATE NEED DATE 1994
mP$1-010.9
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SPACE SCIENCE TECHNOLOGY
PHOTOVOLTAICS

OTHER DEVELOPMENT EFFORTS

SDIO SUPER ARRAY (SURVIVABLE) AIR FORCE MULTIBANDGAP
« 15 x CONCENTRATION CELL DEVELOPMENT
« 20% GaAs CELLS . GaAs/Ge
2 + GaAsICIS
= » AlGaAs/Ge
SPACE STATION FREEDOM ARRAY ' 50Y31GN§‘\:‘{ START (~ 1 §M)
« 8x8, 8mil Si CELLS A
. 110 Wim2 « CELL COST NOT A CONCERN
+ 40 Whg
(NO LEQ RADIATION DAMAGE)
ADVANCED TDRSS ARRAY VARIOUS BLACK PROGRAMS
+ Si CELL TECHNOLOGY TBD
¢ 110 Wim2
« 35 Whg

TP91-010.10

SPACE ENERGY TECHNOLOGY
PHOTOVOLTAIC ENERGY CONVERSION

_-——__——_____________—_—_——-——————--__—————————

AUGMENTED PROGRAM

CONCENTRATOR ARRAY TECHNOLOGY

DEMONSTRATE 1 kW CONCENTRATOR ARRAY AT
> 330 W/M, 100 Wikg

THIN FILM EFFICIENCY InP CELLS

DEMONSTRATE THIN (< 100 microns) PLANAR InP
CELLS WITH > 20% EFFICIENCY

INITIATE PRE-PILOT PRODUCTION

mPgt-010.13

PT2-9



SPACE ENERGY 1cCHNOLOGY

PHOTOVOLTAIC ENERGY CONVERSION
%

ROADMAP/SCHEDULE
KEY ACTIVITIES 1991 | 1992 | 1993 [ 1994 [ 1995 [ 1996 | 1997 | 1998 | 1999 | 2000
RAT BASE

TECHNOLOGIES RESEARCH
INP/FOREIGN SUBSTRATES | oeveLoe owero susstante | vox ceu [FAOAT
CONCENTRATOR ARRAY mmopmcsuawmzus] oebon | reman GROUYD

o BLANKET P s A BT ol

20% InP THIN CELL | DEMO 2% | DEMO THN |

R&T BASE: PHOTOVOLTAI™ =“NERGY CONVERSION

SUMA
TECHNICAL CHALLENGE: )
o SOLAR ARRAYS WITH EXTENDED LIFE, IJGHTER:\!VEIGHT, SMALLER AREA, REDUCED
MISSION COST
APPROACH:

ADVANCED CELLS, BLANKETS, ARRAY SYSTEM COMPONENTS
INTEGRATED ARRAY SYSTEM HARDWARE

- -}

PAYOFF: <a L

o 10X INCREASE IN ARRAY SPE& POWER .
o RADIATION HARD ARRAYS

© 3JIX INCREASE IN POWER DENSITY

RATIONALE FOR AUGMENTATION:
© ALTERNATE/ENABLING TECHNOLOGY FOR MANY FUTURE MISSIONS
© AVAILABLE FOR NEAR, MID TERM
o RESTORES CRITICAL PARTICIPATION BY VENDORS
= U.S. COMPETITIVE POSITION ERODING
RELATIONSHIP TO FOCUSSED ACTIVITIES AND OTHER PROGRA:S

© JOINT ACTIVITIES, MOU's WITH A/F, SDIO, SERI, RAE

N
Lk

TECHNOLOGY CONTRIBUTIONS: -

o OAST1 - BASELINE FOR SSF -
o SILICON CELLS FOR SSF, VIRTUALLY ALL U.S. CIViL, DOD MISSIONS“
o PIONEERED GaAs CELLS - MANTECH FUNDED BY AIR FORCE

prowmst CRIGINAL PA0E (5



H&) BASE: PHUTUVULI ~'C ENERUY CUNVERSIOUN
SU ARY

TECHNICAL CHALLENGE:

o SOLAR ARRAYS WITH EXTENDED LIFE, LIGHTER WEIGHT, SMALLER AREA, REDUCED
MISSION COST

APPROACH:

PAYOFF:

o ADVANCED CELLS, BLANKETS, ARRAY SYSTEM COMPONENTS
o INTEGRATED ARRAY SYSTEM HARDWARE

o 10X INCREASE IN ARRAY SPECIFIC POWER
o RADIATION HARD ARRAYS
o 3X INCREASE IN POWER DENSITY

RATIONALE FOR AUGMENTATION:

o ALTERNATE/ENABLING TECHNOLOGY FOR MANY FUTURE MISSIONS
o AVAILABLE FOR NEAR, MID TERM
o RESTORES CRITICAL PARTICIPATION BY VENDORS

- U.S. COMPETITIVE POSITION ERODING

RELATIONSHIP TO FOCUSSED ACTIVITIES AND OTHER PROGRAMS:

o JOINT ACTIVITIES, MOU's WITH A/F, SDIO, SERI, RAE

TECHNOLOGY CONTRIBUTIONS:

= OAET

CGisge DN e
OF o0 QUAL ¢y

TWOPATNS

o OAST1 - BASELINE FOR SSF
o SILICON CELLS FOR SSF, VIRTUALLY ALL U.S. CIVIL, DOD MISSIONS
o PIONEERED GaAs CELLS - MANTECH FUNDED BY AIR FORCE

SPACE ENEF  * TECHNOLOGY
SPACE ENERGY CONVERSION

PHOTOVOLTAIC ENERGY CONVERSION

TWO DISTINCT TECHNOLOGY PATHS

300
WATTS/SQ.M

MDL CONC.
GaAs OR InP

OAST1/SSF MCC/SUPER

7

SOA
RIGID
PLANAR/SI

PT2-11



SPACE ENER../ TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET
PHOTOVOLTAIC ENERGY CONVERSION

0 AGENCY PROGRAM HAS TWO MAJOR TECHNOLOGY SUBAREAS:
- ADVANCED ARRAY TECHNOLOGY
- ADVANCED SOLAR CELL TECHNOLOGY

o ADVANCED ARRAY TECHNOLOGY CONSISTS OF ONE MAJOR EFFORT:
- APSA AND RELATED TECHNOLOGY ISSUES
(LILT EFFECTS, RADIATION DAMAGE, THIN CELLS, ETC)
o ADVANCED SOLAR CELL TECHNOLOGY CONSISTS OF A "MILLION PIECES"
- SINGLE CRYSTAL CELLS (InP, GaAs, AlGaAs, InGaAs, MBG's, ETC); THIN FILM CELLS (CIS, a-
Si) FLEXIBLE SUBSTRATES, ALTERNATE SINGLE CRYSTAL SUBSTRATES; CONCENTRATOR

CELLS & OPTICS; THERMAL CYCLING TESTS; FLIGHT TESTS (UOSAT, PASP-PLUS, APEX);
CELL MEASUREMENT AND CALIBRATION, ETC, ETC

PROGRATS

SPACE ENEF. . TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET

PHOTOVOLTAIC ENERGY CONVERSION
o EVEN THE SOA HAS

- FEW ARRAY DESIGNS
(COSTLY, STICK WITH WHAT'S FLOWN...)

- MANY SILICON SOLAR CELL TYPES
10 OHM-CM, 2 OHM CM, BSF, BSR, BSFR, TEXTURED, 2X4CM, 4X2CM,
2X6CM, 6X6CM, 8X8CM, BACKSIDE GRIDS, 2MiL, 8MIL, 12MIL ETC, ETC
WHY?

o BECAUSE MISSIONS FLY IN DIFFERENT ENVIRONMENTS WITH DIFFERENT
PERFORMANCE REQUIREMENTS

- NO ONE Si CELL, EVEN ON THE SAME ARRAY DESIGN, GIVES OPTIMUM
PERFORMANCE FOR ALL MISSIONS

o A "CATALOG" OF ADVANCED SOLAR CELLS IS SIMILARLY NEEDE. TO OPTIMIZE
FUTURE MISSIONS

- ADVYANCED "OPTIMUM® CELLS ARE MADE FROM DIFFERENT MATERIALS,
DIFFERENT CONFIGURATIONS

BEASON FOR ALL THIS? THE USER COMMUNITY
PROGPRT 1

PT2-12



SPACE ENER.  TECHNOLOGY
SPACE ENERGY CONVERSION

= OAET

PHOTOVOLTAIC ENERGY CONVERSION

THE BOTTOM LINE:
o BASE R&T FUNDING AT LEAST ONE-THIRD LESS (REAL DOLLARS) THAN DECADE AGO

CAUSE:

o CONSTRAINED POWER R&T BUDGET W/LARGE EFFORTS TO DEVELOP ALTERNATE
TECHNOLOGIES
- GROWTH SPACE STATION/SOLAR DYNAMICS
- LUNAR BASE/SP-100
- NEP NEXT?

EFFECT:

o LARGE INVESTMENTS IN ALTERNATE SYSTEMS FOR FAR TERM (BEYOND 2000) HAVE
ERODED AGENCY'S ABILITY TO HAVE IMPACT ON NEAR AND MID TERM MISSIONS

CONSEQUENCE:

o REDUCED FUNDING PUSHES NEAR AND MID TERM PV TECHNOLOGY TO FAR TERM
- VENDORS DROP OUT
- USER COMMUNITY CANT WAIT
- MISSION CAPABILITIES COMPROMISED

bitnkoe

PT2-13






INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

CHEMICAL ENERGY CONVERSION AND STORAGE
TECHNOLOGY PROJECT SUMMARY

SPACE ENERGY CONVERSION
PROGRAM AREA OF THE
R&T BASE PROGRAM

June 26, 1991

P. Bankston and M. Warshay

SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

PROGRAM OVERVIEW
OBJECTIVES SCHEDULE
* 1993 5 Ah Engineering Model LiTiS2 Cell

Programmatic . ;
Develop and De o Advanced ] 1994 Deliver Bipolar Flight Battery
Rechargeabile Battery and Fuel Cell * 1995 Demonstrate 1000 Cycles at 50% DOD and
Technologies for Space Applications 100 WivKg For LiTiSz Cells

Technical (B::trtneplete 100 Wh/Kg Nickel-Hydrogen
Specific Energy 100-200 WhvKg ry
Energy Density 150-300 Whvt + 1996 Bi-functional Catalyst Technology
Operational Lite 10 years Developed

* 1997 Design for 150 Wh/Kg Battery

BESOURCES(SM) BASELINE = STRATEGIC | PARTICIPANTS

+ 1991 1.8 - *  Lewis Research Center

* 1992 2.0 - Responsibility includes advanced batteries
+ 1993 2.1 28 and fuel cells

. 1994 29 34 »  Jet Propulsion Laboratory '

. 1995 23 3.9 Responsibility includes advanced batteries
+ 1996 24 44

+ 1997 25 5.0

PT3-1
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SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

OAET L ——

JECHNOLOGY NEEDS
* THE CHEMICAL ENERGY CONVERSION AND STORAGE TECHNOLOGY
PROGRAM WILL SUPPORT EMERGING EARTH ORBITAL, PLANETARY
AND SCIENCE MISSIONS DEMANDING HIGH SPECIFIC ENERGY (3X

STATE OF THE ART) AND LONG-LIFE RECHARGEABLE BATTERIES,
INCLUDING

+ PLANETARY SPACECRAFT

* RECHARGEABLE LITHIUM, NICKEL-HYDROGEN SYSTEMS OR ADVANCED
CONCEPTS

+ SURFACE EXPLORERS/ROVERS

* RECHARGEABLE LI, NiHz, FUEL CELLS OR ADVANCED CONCEPTS
« LUNAR/MARS SURFACE POWER

* REGENERATIVE FUEL CELLS
« PROBES AND PENETRATORS

* RECHARGEABLE LITHIUM

» ALL NEAR-EARTH MISSIONS
(ATDRSS/EOS/SATCOMS/SSF/SHUTTLE/EVAS)

« MARS AND VENUS MISSION POWER
¢ LICO2SYSTEM

- EMA's FOR SHUTTLE
BLPOLAR NIH2 WITH ELECTROCHEMICAL CAPACITORS

SPACE ENERGY CONVERSION BASE R&T

A E%HEMICAL ENERGY CONVERSION & STORAGE
i e —————= .
TECHNOLOGY CHALLENGES

REDUCE BATTERY WEIGHT (2-3 TIMES LESS THAN Ni-Cd)
« REDUCE BATTERY VOLUME (2-3 TIMES)
* INCREASE OPERATIONAL LIFE (10 YEARS)

- DEVELOP A BATTERY FOR HIGH VOLTAGE, HIGH POWER, AND
PULSE APPLICATIONS

* EXTEND ACTIVE STORAGE/CHARGE RETENTION (5 YEARS)
« STABLE, HIGH PERFORMANCE FUEL CELL CATALYSTS

* IDENTIFY ADVANCED CONCEPTS CAPABLE OF FURTHER ENERGY
STORAGE IMPROVEMENTS BY FACTORS OF 3-5 BEYOND SOA

PT3-2



= QAET

= QAET

1000

SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

TECHNOLOGY BENEFITS

MASS REDUCTION ENABLES SIGNIFICANT LAUNCH COST SAVINGS
PER KILOWATT OR WATT-HOUR ENERGY STORED; AND INCREASE IN
PAYLOAD CAPABILITY

2-3 TIMES SAVING IN ENERGY STORAGE VOLUME ENABLES
REDUCTIONS IN SYSTEM ENVELOPE

INCREASE OF OPERATION LIFE TO 10 YEARS OR MORE ENABLES
PLANETARY MISSION APPLICATIONS

HIGH POWER, HIGH VOLTAGE BATTERY DEVELOPMENT WOULD
PgOVIDE PRIMARY POWER OPTION FOR LARGE LUNAR/PLANETARY
ROVERS

STABLE, HIGH PERFORMANCE CATALYSTS WOULD ENABLE
REGENERATIVE FUEL CELL UTILIZATION FOR WIDE RANGE OF LUNAR
AND PLANETARY SURFACE POWER SYSTEMS

SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

ASS T ADVANTAGE

o«
o

NuCda

-~
w
n

&

w
»
i

Ni/H,

D Li/TiS,

D N.,SDNM

w
«»
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MASS PERFORMANCE (Kg/KW)
~n -~
* w»

w
i

- LEO

z
3 3
o 3
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1 I 1 1

102 103 104 10% 100 10’ toe

T

w

DISTANCE FROM EARTH (N.M) LAUNCH COST SAVINGS PER KILOWATT
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SPACE ENERGY CONVERSION BASE R&T

CHEMICAL ENERGY CONVERSION & STORAGE
] @@5‘7
SIAIE-QEIHE.AEIA_s_s;s_M

* SOA RECHARGEABLE BATTERIES A

LOW SPECIFIC ENERGY (30 Wh/Kg, Ni-Cd; 55 WH/Kg, N'in) AND
ENERGY DENSITY.

* 10 YEAR OPERATIONAL LIFE

WHILE CYCLING DEMONSTRATED FOR
SOME; MANY YEARS ON STAND (CRUISE) GENERALLY NOT
DEMONSTRATED

* SOA RECHARGEABLE BATTERIES TYPICALLY HAVE POOR CHARGE
RETENTION CHARACTERISTICS

* NOHIGH VOLTAGE, HIGH POWER SPACE BATTERY YET DEVELOPED

* STABLE, HIGH PERFORMANCE CATALYS

TS ESSENTIAL TO
REGENERATIVE FUEL CELL UTILIZATION IN SPACE

SPACE ENERGY CONVERSION BASE RaT
CHEMICAL E

NERGY CONVERSION & STORAGE
= OAET
VANCED RECHARGEABLE BATTERY TECHN Y
EE&QME_QALM_MQ
K

PERFORMANCE SOA BATTEREES ADYANCED BATTERIES
HARACTER!STIC :
Nica NiN2 . 4] P uns2 Na-S
. NiM2 Nin2 Ne-MX
SPECIFIC ENERGY
(Whg) 0 8 100 0 100 140-200
ENERGY DENSITY
(W) 0 60 80 120 250 300
MASS PERFORMANCE
(Kg/Xw) &5 35 20 25 20 1410
CAPACITY :
(An) 5-50 30-250 : 30-200 30-300 530 100
OPERATING TEMPERATURE .
{*C) -10-38 -10-38 T -10-38 -10-35 0-30 350-300
CYCLE UFE .
(# Cycles @ 70% DOD) 1000 40,000 . 40,000 40,000 1000 2000
MINIMUM LiFE TIME
(Years) 10 10 10 10 510 510

‘Ona bettery (10 ceil pack) level.

PT3-4
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SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

MPLISHMEN

IPV NiH2
« 40,000 LEO CYCLES AT 80% DOD IN BOILERPLATE CELLS

« LIGHTWEIGHT COMPONENT TECHNOLOGY DEMONSTRATED FOR
5800 CYCLES ON SUBSCALE LEVEL

. g(g/; )Nl ELECTRODE SUBSTRATE POROSITY ACHIEVED (vs. 83%

BIPOLAR NiH2

« OVER 10,000 CYCLES ACHIEVED IN ON-GOING TESTS
LI-TiS2

« 700 CYCLES ACHIEVED AT 50% DOD IN 1 Ah CELLS
ADVANCED RECHARGEABLE BATTERY CONCEPTS

» CONFIRMED CYCLEABILITY OF NaNiCl2 CELL; SELECTED FOR
TECHNOLOGY DEVELOPMENT

SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

CURRENT PROGRAM

DEVELOP GEO NICKEL HYDROGEN (Ni/Hz) BATTERIES WITH
INCREASED ENERGY DENSITY (100 Whr/Kg) AND RELIABILITY BY 1995
« INTERIM 60 Whr/K QO% DOD) BY 1993
+ LIGHTWEIGHT COMPONENT TECHNOLOGY
« HIGH PERFORMANCE NICKEL ELECTRODE DEVELOPMENT

DEVELOP BIPOLAR Ni/H2 BATTERY FOR HIGH VOLTAGE, HIGH POWER,
HIGH CURRENT, AND PULSE APPLICATIONS BY 1994

« IN-HOUSE AND CONTRACT CYCLE LIFE TESTING

. $9AngRICATE AND TEST ADVANCED BOILERPLATE BATTERY IN

DEVELOP ADVANCED SODIUM SULFUR (Na/S) BATTERIES AS VIABLE
NASA FLIGHT SYSTEMS

o MANAGEMENT OF $5M IN-STEP FLIGHT EXPERIMENT

« INITIATE TECHNOLOGY DEVELOPMENT IN 1993

DEVELOP STABLE, HIGH PERFORMANCE FUEL CELL CATALYSTS
« COMPLETE EVALUATION OF LeRC LONG-LIFE CATALYSTS IN

SOA PEM FUEL CELL IN 1993
. CATALYST/SUPPORT TECHNOLOGY FOR REGENERATIVE FUEL

CELL SYSTEM
o BI-FUNCTIONAL CATALYST TECHNOLOGY

PT13-5
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SIZE AND VOLUME COMPARISON OF
1.4 kWhr BIPOLAR AND IPV NICKEL HYDROGEN SYSTEMS

IPV BATTERY
21 CELLS {-28 VOLTS)

BIPOLAR BATTERY
2 X 100 CELLS {~133 VOLTS)

BIPOLAR DESIGN REPRESENTS
~10% VOLUME REDUCTION
COMPARED TO IPY

QRIGHNAL Tt o
OF POOR QUALITY




SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

STRATEGIC PROGRAM

« IPV NICKEL HYDROGEN . DEVELOP COMMERCIAL MANUFACTURING
CAPABILITY

- SODIUM SULFUR - ACCELERATED PROGRAM
- TIMELY
« BETTER PHASING

TIMELY PRODUCTION, MANUFACTURING
CAPABILITY

. FUEL CELLS . CATALYST LIFE TEST, AND HALF CELL TEST

ENHANCE IN-HOUSE FUEL CELL TESTING
CAPABILITY

« ELECTROCHEMICAL - INITIATE ELECTROCHEMICAL CAPACITOR
CAPACITORS DEVELOPMENT PROGRAM

SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

KEY ACTIVITIES 11 1902 195 1904 1008 l 1004 1907 1908 1900 | 2000
GEO LIGHTWEIGHT PY - o
HIGH 8P, ENERGY \/ v M'I'OD
FUGHT CELL VERIRCATION

STACK YALIDATION

SNOLECELL  WULTICELL

ADYANCED CONCEPTS
\/ \/
ELECTROCHEMCAL CAPACITORS M

STACK rAprCATION
|

LITHIUM CARBON DIOXIDE TECHNOLOQY DEVELOPMENT

PT3-7
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SPACE ENERGY CONVERSION BASE R&T

ﬁHEM'CAL ENERGY CONVERSION & STORAGE
“
CURRENT PROGRAM

+ DEMO FEASIBILITY OF AMBIENT TEMPERATURE Li-TiS2 CELL
TECHNOLOGY (100 Wh/Kg) BY 1995

IDENTIFY STABLE ELECTROLYTES

EVALUATE ALTERNATE Li ANODE MATERIALS
DEVELOP OVERCHARGE CONCEPTS

DEFINE DESIGN REQUIREMENTS

DEVELOP 5 Ah CELLS

ASSESS SAFETY

- DEVELOP ADVANCED BATTERY SYSTEMS CAPABLE OF >150 Wh/Kg

+ SODIUM/METAL HALIDES
 LITHIUM/POLYMER ELECTROLYTE/INSERTION CATHODES

SELECT CANDIDATE SYSTEM
DEMONSTRATE CYCLE LIFE
DEVELOP ENGINEERING MODEL CELL
DEMONSTRATE TECHNOLOGY

JP |
L RECHARGEABLE LITHIUM CELL PROGRAM
SCALE UP OF Li-TiS: CELL TECHNOLOGY
CELL DESIGN
Li ANODE 15 Ab 6 Ah
(I'x4.5" x 0.027) (16" x 10" x 0.02")
TiS; CATHODE 150 mAM 1 Ab

(I'x2" x0.027) (16" 2 85" x 0.02%)
ELECTROLYTE EC/2-MeTHF, 4 c.c. EC/2-MeTHF, 6 c.c.
SEPARATOR CELGARD 2400 CELGARD 2400

SEAL GLASS TO METAL GLASS TO METAL

CAN $.S. 304L $.S. 3041

PT3-8



SPACE ENERGY CONVERSION BASE R&T
CHEMICAL ENERGY CONVERSION & STORAGE

= JPL————
STRATEGIC PROGRAM

« DEVELOP AND TRANSFER TECHNOLOGY TO INDUSTRY FOR 30 Ah, 30 V,
LI-TiSz2 CELL BY 1996

« ACTIVITIES
« ISSUE CONTRACT TO INDUSTRY
- DEVELOP PROTOTYPE 30 Ah CELL
. COMPLETE SAFETY, LIFE AND PERFORMANCE TESTS
« ACCELERATE 150 Whr/Kg CELL DEVELOPMENT

SPACE ENERGY CONVERSION BASE R&T
l(iHEMICAL ENERGY CONVERSION & STORAG

—

ADMAP/ DULE

KEY ACTIVITIES 1991 1992 1993 1994 1905 1996 1997 106 1999 2000
DEVELOPMENT OF )
LUTIS2 BATTERY
et I |
Component Optimization ‘
Detinition of Design Rqmis. | g;g E
Deveiopment of Eng. Mode! S-Ah Coll AP /
Safety,Perim'ce & Life Tosts Periorm Tests N S A4
J [Setory Tewis ] o
. 4 ﬂ_,;
( DEVELOPMENTOF Y |-----coounnoooon T (7 — PP
ADVANCED BATTERY
(150 Wi/Kg)
Charscterization of Materials
& Components
Down Selection to Promising

System
Development of Eng. Model

Ssfety,Pertm'ce & Lite Tests
\_ _J
p

B

R&T BASE
QOther Advanced Concepts

PT3-9



SPACE ENERGY CONVERSION BASE R&T

CHEMICAL ENERGY CONVERSION & STORAGE

BESQURCE REQUIREMENTS
BASELINE STRATEGIC
EY FUNDING ($M) FUNDING ($M)
91 1.8 -
92 2.0 -
93 2.1 2.8
94 2.2 3.4
95 2.3 3.9
96 2.4 4.4
97 2.5 5.0

SPACE ENERGY CONVERSION BASE R&T

CHEMICAL ENERGY CONVERSION & STORAGE

T PT P RA
LeRC

MANAGE:
NASA AEROSPACE FLIGHT BATTERY SYSTEMS PROGRAM - CODE Q
EXPLORATION REGENERATIVE FUEL CELL (RFC) TECHNOLOGY
DEVELOPMENT PROGRAM (SOLAR SURFACE POWER)
SUPPORT:

EXPLORATION SOLAR SURFACE POWER PROGRAM

SPACE STATION, HST, EOS, AND ADVANCED TDRSS NICKEL
HYDROGEN BATTERY PROGRAMS

SUPPORT NASA AEROSPACE FLIGHT BATTERY SYSTEMS PROGRAM -
CODEQ

R&T BASE TAKES Li-TiS2 BATTERY DEVELOPMENT TO "GENERIC"” CELL
COMPONENT AND DESIGN DEMONSTRATION

SPACECRAFT PLATFORMS PROGRAM ADDRESSES LI-TiS2 CELL AND
BATTERY DEVELOPMENT WITH APPLICATIONS FOCUS

ADVANCED RECHARGEABLE BATTERY CONCEPTS NOT ADDRESSED IN
FOCUSSED PROGRAM

PT3-10



SPACE ENERGY CONVERSION BASE R&T

CHEMICAL ENERGY CONVERSION & STORAGE
= QAET

RELATED TECHNOLOGY AREAS/EFFORTS

« PRIMARY LITHIUM BATTERY DEVELOPMENT FOR CENTAUR - AIR
FORCE PROGRAM MANAGED BY JPL

- LABCOM, NSWC, AND AIR FORCE ARE DEVELOPING (AMBIENT)
RECHARGEABLE Li BATTERIES FOR DEFENSE APPLICATIONS -
(USUALLY FOR LIMITED CYCLE LIFE - 50 CYCLES)

. DOE LABS ARE WORKING PROGRAMS TO DEVELOP Li-POLYMER
AND SODIUM METAL CHLORIDE BATTERIES FOR TRANSPORTATION;
ALSO Ni-METAL HYDRIDE FOR DEFENSE SPACE (JPL INVOLVED)

« AIR FORCE IS DEVELOPING Na-S BATTERY FOR DEFENSE SPACE
APPLICATIONS

. SSF, HST, EOS, AND ADVANCED TDRSS Ni-Hz BATTERY PROGRAMS
SUPPORTED BY LeRC

. EMA APPLICATIONS STUDY UTILIZING BIPOLAR Ni-H2 BATTERY

. DARPA UNMANNED UNDERSEA VEHICLE BATTERY POWER
PROGRAM MANAGED BY LeRC

. DARPA UNMANNED UNDERSEA VEHICLE FUEL CELL POWER
PROGRAM MANAGED BY LeRC

. LeRC COORDINATING WITH DOE PEM FUEL CELL PROGRAM
(PASSENGER CAR APPLICATION)

JPL CENTAUR Li-SOC/5 BATTERY

ALLIANT FEATURES
VERSION YARDNEY

® WEIGHT: 75 ib, 34 kg VERSION
(1/2 OF EXISTING SILVER-ZINC BATTERY) E—
® LOW TEMPERATURE LIFE: 6 yrs @ 0°F

© AMBIENT TEMPERATURE LIFE: 1 yr @ 40-90°F
(10 TIMES EXISTING SILVER-ZINC BATTERY)
® CURRENT:
¢ CONTINUOUS > 40A -
¢ SHORTTERM > T75A e

STATUS

QUALIFICATION
OF DESIGN
AND MCD 9/91

28 V - 250 AH BATTERY 28 V - 250 AH BATTERY

PT3-11



BALA
C-94-1010

LA'D POWER TECHNOLOGY DIVISION NASA

AMRDRMCE TR SOT MM TOMIY Lowis Resserch Conter

IPV NICKEL HYDROGEN CELL TESTING
SPACE STATION FREEDOM SUPPORT

* LEO life tests 40% DOD

+ 39 Flightweight cells on test

+ 50 Ah and 65 Ah capacity

» 3 Commercial vendors

+ 10 °C and -5 °C temperatures

+ 35% Depth-of-discharge

*» 26% and 31% KOH comparison
+ Cell design variations

. .,.‘ . o
Space Station Freedom Ni-H, Celis

SPACE ENERGY CONVERSION BASE R&T

CHEMICAL ENERGY CONVERSION & STORAGE
AET SUMMARY

+ TECHNICAL CHALLENGE: INCREASE PAYLOAD BY REDUCING BATTERY SYSTEM WEIGHT (2X-4X) AND VOLUME WITH OPERATIONAL
LIFE BEYOND 10 YEARS. ALSO, PROVIDE HIGH VOLTAGE, PULSE POWER CAPABILITY.

+ APPROACH: DEVELOP ADVANCED NICKEL-HYDROGEN BATTERY TECHNOLOGY FOR (2X-3X) STORAGE IMPROVEMENT FOR LARGER
. SYSTEMS (> 1kW); AND Li-TiS2 FOR 2X-3X IMPROVEMENT IN SMALLER (<1kW) SYSTEMS. DEVELOP RECHARGEABLE SODIUM

SYSTEMS FOR 3X-5X IMPROVEMENTS IN LONG TERM. CONDUCT FUEL CELL CATALYST RESEARCH AND DEVELOP ADVANCED
CONCEPTS.

PAYOFF:

* MASS AND VOLUME REDUCTION ENABLES SIGNIFICANT LAUNCH COST SAVINGS PER KILOWATT OR WATT-HOUR ENERGY
STORED

+ INCREASE OF OPERATIONAL LIFE TO 10 YEARS OR MORE ENABLES PLANETARY MISSION APPLICATIONS

+ HIGH POWER, HIGH VOLTAGE BATTERY DEVELOPMENT WOULD PROVIDE PRIMARY POWER OPTION FOR LARGE
LUNAR/PLANETARY ROVERS

* STABLE, HIGH PERFORMANCE CATALYSTS WOULD ENABLE REGENERATIVE FUEL CELL UTILIZATION FOR WIDE RANGE OF
LUNAR AND PLANETARY SURFACE POWER SYSTEMS

RATIONALE FOR AUGMENTATION:

* ACCELERATE TECHNOLOGY DEVELOPMENT FOR TIMELY TRANSFER TO USER {e.g., Na-S IN PHASE WITH FLIGHT EXPERIMENT,
RFC CATALYST FOR EXPLORATION, LiTIS2 FOR PLATFORMS)

 INITIATE NEW TECHNOLOGY DEVELOPMENT (0.9.. ELECTROCHEMICAL CAPACITOR, POLYMER BATTERY)
* RELATIONSHIP TO FOCUSED ACTIVITIES AND OTHER PROGRAMS:
+ PROGRAM DESIGNED TO SUPPORT VIRTUALLY ALL FOCUSSED TECHNOLOGY PROGRAMS

* LeRC AND JPL PROVIDE PROGRAM MANAGEMENT, TRANSFER TECHNOLOGY, AND COORDINATE WITH OTHER NASA CODES,
DOD, AND DOE

+ TECHNOLOGY CONTRIBUTIONS:

* LEQ IPV NICKEL HYDROGEN BATTERY TECHNOLOGY TRANSFERRED TO NASA (HST AND SSF), MILITARY AND INDUSTRY
APPLICATIONS

* LITHIUM THIONY/CHLORIDE (PRIMARY) BATTERY TECHNOLOGY TRANSFERRED TO AIR FORCE FOR CENTAUR

PT3-12



SPACE ENERGY CONVERSION R&T=

SPACE ENERGY CONVERSION R&T PROGRAM
506-41

THERMAL ENERGY CONVERSION SUBELEMENT

506-41-31
PRESENTED AT THE ITP EXTERNAL REVIEW

June 26, 1991

Power Technology Division of the Aerospace Technology Directorate
NASA Lewis Research Center

Cleveland, Ohio 44135

TP JEC91-001.1
B

—_—_SPACE ENERGY CONVERSION R&T=
THERMAL ENERGY CONVERSION

WHAT WE WILL DISCUSS

. PROGRAM OVERVIEW
A power System . . MISSIONS AND BENEFITS
. - . CURRENT PROGRAM DESCRIPTION
. STRATEGIC PROGRAM DESCRIPTION
. ROADMAP/SCHEDULE/RESOURCES
. RELATED DEVELOPMENT EFFORTS

+ SUMMARY

mP.JEC910012

PT4-1



SPACE ENERGY CONVERSION BASE R&T

THERMAL ENERGY CONVERSION

w— QAET
| THERMAL ENERGY CONVERSION |
OBJECTIVES SCHEDULE
« Programmatic * 1993  Demonstrate Technical Feasibility of Solar Dynamic

Develop and Demonstrate High-Elficiency Solar Dynamic, Heat Recever Technologies

Thermoelectric, Brayton/Stiding, and Alkali Metal .

Thermoelectric Conversion (AMTEC) Technoiogies * 1994 15% Etficiency, 3000-Hour AMTEC

Complete Critical Technology Experiments to
. Technical Utilize Lunar in-situ Materials for TES
System Effidency - > 20% + 1995 Identily Advanced Thermoelectric Material with
Z=14EQ3X
Spedific Power - 12 Wig (TE) + 1996 Complete Critical Technology Experiment for
16 - 20 Wkg (SD) Advanced Sensible Heat Receiver
15 Whg (AMTEC) + 1997 Prototype Static Conversion Module Design
RESQURCES ($M) CURRENT TRATEGI PARTICIPANT
+ 1991 1.7 .- + Lewis Research Center
. 1992 14 B Responsibility includes advanced solar dynamic
’ systems, BraytorvStiling technologies
+ 1993 15 18
. 1994 16 51 + Jet Propulsion Laboratory
' ’ Responsibility includes advanced thermoelectrics
+ 1995 1.7 24 and AMTEC
+ 1996 18 27
+ 1997 19 30
TP.JEC91-001.3

SPACE ENERGY CONVERSION R&Te=

THERMAL ENERGY CONVERSION

MISSION & BENEFITS
- EARTH ORBITING PLATFORMS -

QUALITATIVE BENEFITS
SPACE STATION FREEDOM » MORE FLEXIBILITY
» LONG UFE COMPONENTS
+ LESS DRAG
+ LOWER MASS
+ LOWER RECURRING COSTS
+ LESS AGGREGATE EVA
QUANTITATIVE BENEFITS
™ iaic va. Seler Dynamie
- Cont 1990 340 ey
- e
| Sams v (1
§ wa prosipegios - il "
i— _ /—/ 50048 Gomtr
-l
.
SV

Toms (Voure)
Sotom L Sy dhongs betnasn 1008 uf YOW b doe o D Smad ewl

2 Cwrves bosst e e W7 YU PV auf 3 00 TR power weeivn, 5 ¢ Selnusd stelies N
oaipuins. Couss oV vautd soms i © your J0T0 I eomaaum gent guuw ween. <0 91-001.4
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e SPACE ENERGY CONVERSION R& T

THERMAL ENERGY CONVERSION

MISSION & BENEFITS
- EARTH ORBITING PLATFORMS -
SMALL SATELLITES
COMMUNICATIONS, EARTH OBSERVING
QUALITATIVE BENEFITS
+ LONGER MISSION LIFE
- LOWER AMORTIZED COSTS

+ LESS SUSCEPTIBILITY TO RADIATION EFFECTS
- OPERATIONAL FLEXIBILITY

MPJECY1-00t.5

—_—_SPACE ENERGY CONVERSION R&T=

THERMAL ENERGY CONVERSION

MISSION & BENEFITS
- SURFACE POWER -

A VE BENEFIT
+ PROVIDES PROCESS HEAT PLUS ELECTRICAL
POWER

LUNAR BASE SD POWER SYSTEM &
OXYGEN PROCESS PLANT + USES IN-SITU MATERIALS FOR TES

+ LONG UIFE COMPONENTS

QUANTITATIVE BENEFITS

COMPARISON OF ALTERNATE SOLAR
POWER SYSTEMS FOR LUNAR BASE

.2'_‘

® e wwasooevaeaslhb

[T T T T TV T T 171
i-
I
P

T —

=y
RGO
TSN

|
FF |

ITP.JECS1-001.6
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SPACE ENERGY CONVERSION R&T—

THERMAL ENERGY CONVERSION

CURRENT PROGRAM DESCRIPTION ()L.J;,L,,, '

+  IDENTIFY/ANALYZE INNOVATIVE
COMPONENT/SYSTEM CONCEPTS

+  DEVELOP HIGH EFFICIENCY, LOW MASS
AUTO-DEPLOYABLE ADVANCED
CONCENTRATOR TECHNOLOGIES

+ IDENTIFY AND DEVELOP ADVANCED HEAT

RECEIVER TECHNOLOGIES
+ IDENTIFY AND DEVELOP THERMAL
SPACE STATION FREEDOM ENERGY STORAGE CONCEPTS FOR
SOLAR DYNAMIC POWER MODULE COMPONENTS THE LUNAR SURFACE USING LUNAR
REGOLITH

ITP.JEC91-00.7

SPACE ENERGY CONVERSION R&T e

THERMAL ENERGY CONVERSION
SOLAR DYNAMIC TECHNOLOGY PERFORMANCE GOALS

PERFORMANCE ADVANCED
REQUIREMENT CURRENT SOA SOLAR DYNAMICS (ASD)
ORBITAL SYSTEMS
+ SPECIFIC POWER 5-8 Wikg 16-20Wig
+ CONCENTRATOR
- MASS 4 kg/sq. m. 1-2 kg/sq. m.
- ACCURACY 4 MILURADIANS 1 MILLIRADIAN
- RECEIVER '
- MASS 50 kg/kW 25 kW
NAR M
- SPECIFIC POWER 1.3 Wig 5-10 Wig

MTP.JEC91-001.8
PT44



e SPACE ENERGY CONVERSION R&T==
THERMAL ENERGY CONVERSION

DESIGN & ANALYSES
OBJECTIVES
. IDENTIFY INNOVATIVE COMPONENT & SYSTEM CONCEPTS
. IDENTIFY CRITICAL TECHNOLOGIES m'g:gfg‘v’mg {33333§§ron

. PROVIDE SPACECRAFT AND SUBSYSTEM INTERFACE REQUIREMENTS

nenmms

lV|</

MILESTONES
1992 COMPLETE CONCEPTUAL DESIGN OF 5kW

HYBRID (PV/SD) SPACECRAFT
ACUREX CORP. SOLAR DYNAMIC
POWER SYSTEM CONCEPT 1993 DEFINE SUBSYSTEM REQUIREMENTS FOR
ADVANCED SENSIBLE HEAT RECEIVER

[TP.JEC31-001.9

—SPACE ENERGY CONVERSION R&T=

THERMAL ENERGY CONVERSION
ADVANCED CONCENTRATORS

OBJECTIVES

DEVELOP FABRICATION PROCESS
TECHNOLOGY FOR:

« ACCURATE SURFACE CONTOURS (1 MILLIRADIAN)
+ HIGH SPECULAR REFLECTION (90%)

+ LOW SPECIFIC MASS (1-2kg/m2)

« HIGH CONCENTRATION RATIO (2000-5000)

REFLECTOR RESEARCH OBJECTIVES

/\
wo U 1 }2——.‘-

WF(@ REFLECTOR % @

HIGHLY SPECULAR ALL ALUMINUM
REFLECTOR PANEL

MILESTONES

1992 COMPLETE DEVELOPMENT OFALL
METAL FABRICATION TECHNIQUES o ece1.001.10

PT4-5



SPACE ENERGY CONVERSION R&T==
THERMAL ENERGY CONVERSION

ADVANCED RECEIVERS
OBJECTIVES Guam»ﬁuin g‘ f::g
DEVELOP HEAT RECEIVER TECHNOLOGIES
THAT REDUCE THE MASS OF AVAILABLE
TECHNOLOGY RECEIVERS BY AT LEAST A AT N ]
FACTOR OF 2 Frou {]

BRAYTON SOLAR RECEIVER
- —7~COLD GAS INLET MANIFOLD

— THERMAL ENERGY
STORAGE CANISTERS

~—HEATER TUBE

\\
“—~SO0IUM “HEAT PIPE " CAVITY Py

S00 WATT DIRECT FLUID ABSORPTION
RECEIVER EXPERIMENT

MILESTONES

19891 - COMPLETE INVESTIGATION OF A 0.5 kWe
BENCH TOP PROTOTYPE OF DIRECT FLUID
ABSORPTION RECEIVER

1993 - COMPLETE TECHNOLOGY FEASIBILITY
EXPERIMENTS FOR BRAYTON CYCLE HEAT

RECEIVER
1995 - COMPLETE CRITICAL TECHNOLOGY EXPERIMENTS
FOR SENSIBLE HEAT RECEIVER
ITPJEC91-001.11

SPACE ENERGY CONVERSION R&T==

THERMAL ENERGY CONVERSION

THERMAL ENERGY STORAGE

AL
‘4

OBJECTIVES

« DEVELOP 3-D CODE FOR PREDICTING VOID
FORMATION/MIGRATION IN TES MEDIA UNDER
MICRO-GRAVITY CONDITIONS

+ DEVELOP TECHNOLOGIES FOR UTILIZING LUNAR
IN-SITU MATERIALS FOR TES

Regolith Thermal Energy Storage

Regolith / Hellkum

THERMAL ENERGY STORAGE TECHNOLOGY EXPERIMENT

1993 COMPLETE MODS TO THE NORVEX CODE
TO COVER WEDGE GEOMETRY AND
NON-WETTING MEDIA

1994 COMPLETE CRITICAL TECHNOLOGY
EXPERIMENTS OF LUNAR TES CONCEPT

ITP.JEC31001.12
PT4-6



e ——— EXPLORATION TECHNOLOGY =

THERMAL ENERGY CONVERSION
MAJOR ACCOMPLISHMENTS

ESIGN & ANALYSI

+ COMPARED PV AND SD POWER SYSTEMS (7 TO 35 kW RANGE) FOR AVAILABLE, NEAR TERM, &
FAR TERM TECHNOLOGIES

. IDENTIFIED ENABLING TECHNOLOGIES FOR POTENTIAL LUNAR SURFACE POWER APPLICATIONS

ADVANCED CONCENTRATORS
+ SELECTED SPLINED RADIAL PANELS & HINGED PETAL DEPLOYMENT CONCEPTS

. DEVELOPED FABRICATION PROCESSES FOR ALL METAL MIRROR SECTORS

- STRETCH-FORM PANELS
. SPRAY & SPIN COATED SURFACE LEVELIZING LAYERS
- MICROSHEET GLASS FORMING & BONDING

ADVANCED RECEIVERS
+ DESIGNED RECEIVERS FOR BRAYTON & STIRLING CONVERSION UNITS

* COMPLETED TES CRITICAL TECHNOLOGY EXPERIMENTS
- UNIFORM FLUX WILL PRECLUDE THERMAL RATCHETING

THERMAL ENERGY STORAGE

. GERMANIUM & BORON NITRIDE ARE VIABLE TES MATERIALS
- NO DEGRADATION AFTER 1000 CYCLES
. COMPLETED NORVEX CODE FOR LARGE VOLUME CHANGE TES MEDIA

[TP.JEC91-001 13

EXPLORATION TECHNOLOGY =

THERMAL ENERGY CONVERSION
STRATEGIC PROGRAM* DESCRIPTION

* CONTAINS ALL ELEMENTS AND ASPECTS OF CURRENT PROGRAM PLUS:

» CONDUCT EXPERIMENTS TO DEMONSTRATE TECHNOLOGY READINESS
OF CRITICAL SD COMPONENTS FOR LUNAR BASE APPLICATION

- 10 kWe DIRECT ABSORPTION RECEIVER IN
SANDIA ON-SUN FACILITY

- REDUCED SCALE TES SUBSYSTEM IN RELEVANT
ENVIRONMENT

PT4-7 TP.JEC91-001.14



EXPLORATION TECHNOLOGY =

THERMAL ENERGY CONVERSION
SOLAR DYNAMIC ROADMAP/SCHEDULE

KEY ACTIVITIES 1991 1992 1993 1994 1995 1996 1997
( STRATEGIC )
RAT PROGRAM
+ VERIFICATION OF TECHNICAL
READINESS BY TEST OF 10 kWe [ >L10xWe DR ABS REC. ]
DIRECT-ABSORPTION RECEIVER > HEAT EXCHANGER
* VERIFICATION OF TECHNICAL
READINESS BY TEST OF REDUCED L METES P ]
SCALE TES SUBSYSTEM
N > v D e et
URRENT R&T PROGRA C LUNAR TES CRITICAL TECH_ EX, I e
5 kWe PV/SD
ADVANCED CONCENTRATOR/ SYSTEM DESIGN
RECEIVER/TES TECHNOLOGY BRAYTON REC.
DEVELOPMENT TECH. FEASIBILITY
[ SENSIBLE HEAT RECEIVER )
CONCENTRATOR 1
RESQURCES ($K)
» CURRENT 911 800 884 919 956 994
+ STRATEGIC 911 800 1000 1200 1400 1500

TP.JEC91001.15

EXPLORATION TECHNOLOGY =

THERMAL ENERGY CONVERSION

RELATED EFFORTS

* IN-STEP TEST FLIGHT EXPERIMENTS

» CSTI HIGH CAPACITY POWER PROJECT

« DOD/AF SPACE POWER PROGRAMS

« DOE TERRESTRIAL SOLAR POWER PROGRAM

ITP.JEC91001.16
PT4-8



SPACE ENERGY CONVERSION BASE RA&T

THERMAL ENERGY CONVERSION
e OAET

SUMMARY

+ TECHNICAL CHALLENGE:

DEVELOP HIGH EFFICIENCY, STATIC THERMAL-TO-ELECTRIC CONVERSION TECHNOLOGIES TO REDUCE THE
MASS AND FUEL INVENTORY IN RADIOISOTOPE BASED SPACE POWER SYSTEMS. IMPROVE THE EFFICIENCY,
RELIABILITY AND LIFE, AND REDUCE THE MASS OF SPACE SOLAR DYNAMIC POWER SYSTEMS.

+ APPROACH:

DEVELOP ADVANCED THERMOELECTRIC MATERIALS, AND AMTEC, FOR STATIC, RADIOISOTOPE-BASED
POWER SYSTEMS. INVESTIGATE OTHER STATIC CONVERSION CONCEPTS AS WARRANTED. FOR SOLAR
DYNAMIC SYSTEMS, FOCUS ON FABRICATION PROCESSES FOR CONCENTRATORS, HEAT PIPE RECEIVER
CONCEPTS, AND UTILIZATION OF IN-SITU MATERIALS FOR TES.

+ PAYOFF:

HIGH EFFICIENCY STATIC CONVERSION COULD REDUCE RADIOISOTOPE FUEL INVENTORY BY FACTORS
OF 2-5, THUS SIGNIFICANTLY REDUCING FUEL COSTS, AND REDUCING MASS AND VOLUME. FOR SOLAR
DYNAMIC, REDUCED ORBITAL SYSTEM MASS BY 50% AND TRANSPORTED LUNAR MASS BY FACTORS OF
2-5 ARE THE PAYOFFS.

« RATIONALE FOR AUGMENTATION:

ENABLES TRANSFER OF STATIC CONVERSION TECHNOLOGY INDUSTRY. EXPANDS CURRENT SOLAR
DYNAMIC PROGRAM TO INCLUDE VERIFICATION OF LUNAR BASE RECEIVER, LUNAR BASE TECHNOLOGIES.

« TECHNOLOGY CONTRIBUTIONS:

THERMOELECTRIC MATERIALS MODELING CAPABILITIES UTILIZED IN HIGH CAPACITY POWER/SP-100
PROGRAMS. ALL-METAL SOLAR CONCENTRATOR TECHNOLOGIES INCORPORATED BY SSF PROGRAM

IN FY'90.
ITP.JEC91-001.17

PT4-9







INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

SPACE ENERGY CONVERSION R&T PROGRAM

POWER MANAGEMENT

JUNE, 1991

QOffice of Aeronautics, Exploration and Technology
National Aeronautics and Space Adminisiration

Washington, D. C.

AWB-910.0¢.1

ondc &l: SPACE ENERGY CONVERSION POWER MANAGEMENT

OBJECTIVES SCHEDULE
« PROGRAMMATIC + 1993 - SAMPIE SHUTTLE EXPERIMENT LAUNCH
- DEVELOP AND DEMONSTRATE RELIABLE, DEMONSTRATE 200°C BASEPLATE INVERTER
évsms‘?’&ﬂ%?&e’%“ %sm‘g?mwnou * 1984 - COMPLETE TECHNOLOGY DEMONSTRATION FACLITY
OF ELECTRICAL POWER FOR A BROAD SPECTRUM OF + 1985 - PROTOTYPE SMART POLE PIC
SPACE SYSTEMS 1ST IC SYNCH. RECTFIER PROTOTYPE
o TECHNICAL + 1996 - EPSAT BASED INTERACTIONS CODES DONE
. UTILITY POWER FOR SPACE. EXPLORATION POWER, 300°C COMPONENTS COMPLETE
INTEGRATED CIRCUITS (PC), ADVANCED POWER ADVANCED SYNCH. RECTIFIER PIC

MATERIALS, ENVIRONMENTAL INTERACTION

MODELS/GUIDELINES. MIGH TEMPERATURE POWER * 1997 - SPACE POWER SYSTEMS DESIGN GUIDELINES

ELECTRONICS DEMONSTRATE HIGH THERMAL CONDUCTIVITY
GRAPHITE-FLORIDE CIRCUIT BOARD
UTILITY POWER DEMONSTRATION
RESOURCES ($M) PARTICIPA
« FY BASELINE  STRATEGIC . LEWIS RESEARCH CENTER
+ 1991 1.20 1.30 RESPONSIBIUTIES: ;neswm:% Powemsn MANAGEMENT
MA

» 1993 124 1.82

. 1994 1.20 208 . BORAT

+ 1995 1.37 241 RESPONSIBILITIES: POWER INTEGRATION TECHNOLOGY

* 1996 1.4 2.67

« 1997 1.50 2.9

PT5-1



BASE RAT: SPACE ENERGY CONVERSION POWER MANAGEMENT

POWER MANAGEMENT AND DISTRIBUTION
PERFORMS ALL POWER SYSTEM FUNCTIONS OTHER THAN
GENERATION AND STORAGE

POWER
CONVERSION

ENERGY
STORAGE

APPLICATIONS
& LOADS

RWB-91Q.04.7

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

TECHNOLOGY NEEDS

* ADVANCED POWER MANAGEMENT TECHNOLOGY FOR THE FULL RANGE OF
SPACE AND PLANETARY MISSIONS, INCLUDING:

¢ LUNAR AND MARS BASES

+ COMPLEX, EVOLUTIONARY SYSTEMS COMPARABLE TO TERRESTRIAL UTILITIES

* SURVIVE UNIQUE, HOSTILE ENVIRONMENTS, INCLUDING HIGH TEMPERATURES &
CHARGED DUST, CORROSIVE ATMOSPHERE & GEOTAIL

+ AUTONOMOUS OPERATION

* ADVANCED SCIENCE MISSIONS: EOS PLATFORMS, PLANETARY SPACECRAFT, ETC.

* RELIABLE, LIGHTWEIGHT SPACECRAFT POWER
- REDUCED PARTS COUNT (75%)
- REDUCED VOLUME (40%)
- REDUCED MASS (50%)
+ EOS PLATFORMS: HIGH POWER & DURABLE PV BLANKETS
+ SOLAR PROBE AND MDO: VERY HIGH TEMPERATURE OPERATION

* LAUNCH AND ORBITAL TRANSFER VEHICLES

+ REPLACEMENT OF HYDRAULICS WITH ELECTRICAL ACTUATORS

+ LIGHTWEIGHT INTEGRATED POWER SYSTEM

» VEHICLE HEALTH MANAGEMENT

+ STS EVOLUTION

* NUCLEAR ELECTRIC PROPULSION - LIGHTWEIGHT ELECTRICAL SUBSYSTEM

* ENVIRONMENTALLY COMPATIBLE POWER SYSTEM

. PV
» NUCLEAR & SOLAR DYNAMIC AWB-$10.049

PTS-2



BASE R&T: SPACE ENERGY CONVERSION

POWER MANAGEMENT

PROGRAM ELEMENT INTERACTIONS

LeRC ELECTRICAL

POWER
MATERIALS

= LUNARMARS BASES
* ETO& OTV VEHICLES
- EOS

= SkW - 20MW
*« AC&0C

JPL ELECTRICAL

ENVIRONMENTAL
INTERACTIONS

= SPACECRAFT PLANETARY
* PROBES

= PENETRATORS

* ROVERS

* 01 -10kW
- DC

OTHER POWER PROGRAMS

[ X7 |

BASE R&T: SPACE ENERGY CONVERSION

s PV

- 8D

= NUCLEAR

= THERMAL MANAGEMENT
= RADIATORS

* STORAGE

POWER MANAGEMENT

TECHNOLOGY DEVELOPMENT CHALLENGE

POWER MANAGEMENT IS CHARACTERIZED BY:

COMPLEX ISSUES

ELEMENT OF ALL SPACE SYSTEMS

- DIVERSE REQUIREMENTS

UNIQUE, HOSTILE ENVIRONMENTS
REQUIRES MULTIPLE TECHNOLOGIES

- MATERWALS

- COMPONENTS

- SYSTEM
NEW MISSIONS

AWB-51Q.048

COMPLEX INFRASTRUCTURE

* BROAD R&D BASE
- NASA

- OTHER AGENCIES

- INDUSTRY
- OTHER NATIONS

* EXTENSIVE VENDOR BASE

- SPACE

- AERONAUTICS & MILITARY

- COMMERCIAL

* SPACE IS MINOR MARKET

WITH LIMITED BUDGET AND STAFFING

PT5-3

POWER MANAGEMENT MUST MAKE SIGNIFICANT IMPACT ON NASA PROGRAMS

RWA-$10.04 20



BASE RAT: SPACE ENERGY CONVERSION POWER MANAGEMENT

TECHNOLOGY DEVELOPMENT APPROACH

+ IDENTIFY CRITICAL ISSUES AND BENEFITS THROUGH PMAD SYSTEMS ANALYSIS

» AUGMENT RESOURCES THROUGH SPECIFIC TASK ASSIGNMENTS ON RELEVANT
SUBJECTS

* LEVERAGE OTHER R&D EFFORTS AND COMMERCIAL DEVELOPMENTS THROUGH
SPECIFIC PROJECT EFFORTS

»  MAINTAIN CLOSE COMMUNICATIONS WITH TECHNOLOGY AND USER GROUPS IN
NASA, OTHER AGENCIES AND INDUSTRY

AWB-910.00.28
BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT
MISSION
/ REQUIREMENTS \
SYSTEM/ MATERIALS
SUB-SYSTEMS
\ COMPONENTS/ /
DEVICES
RWP s1Q 04 4

L~ PT54



nnsn - Earth Observing System  aasr
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POLAR ORBITING PLATFORM WET MASS
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TOTAL WEIGHT IS 29715 tbe {13587 k)

nnsn  Earth Observing System  oasr
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ELECTRICAL POWER SYSTEM WEIGHTS

YOTAL EPS WEIGHT 15 1264.8 e (1434 kg)
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BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT
——-—_-—_—-——ﬁ_——____—___h—____ﬂ——_-—_
SPACE STATION FREEDOM
+ PERMANENTLY MANNED, MULTI-PURPOSE, SPACE BASED FACILITY
« POWER HALF THE COST OF SSF
- WP-1
- WP-2
- WP-4
+ POWER CONDITIONING, CONTROL AND DISTRIBUTION (PCC&D) MASS > GENERATION &
STORAGE MASS
« BALANCE OF SYSTEM IS 2/3 OF POWER SYSTEM MASS
+ MAJOR DISPUTES OVER POWER DISTRIBUTION CONVENTIONS

- HIGH VOLTAGE DC A ARALYSS
- 400 Hz AC e = —
- 20kHz AC s o BOS
- "WILD FREQUENCY" AC
+ DIFFERENT CONCEPTS GENERRTION - e
- EXTENSION OF SPACECRAFT e 020 1M 50 W S -b[jg-;w LoAD
TECHNOLOGY G B =
- SPACE POWER UTILITY beac commoL ||
L |9.5:’u 7;‘!;0 1% )
STORAGE -
830 g RWB-910.043
YiNp) POWER TECHNOLOGY DIVISION NNASN ,

ALNOWPACE TLCIINOLOGY DIRECI1OMAITE Lowss Nescarch Comner

POWER PROCESSINSG,
CONTROLS, AND
DISTRIBUTION
STATE-OF-THE-ART

25-100 xc/xWe

A MIRACLE OCCURS

PILOTED MARS
NEP VEHICLE

TOTAL
5-10 xG/xWe



BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

OTHER DEVELOPMENT EFFORTS

POWER INTEGRATION TECHNOLOGY
*  SOLID STATE POWER SWITCH HYBRID FOR THE CRAF AND CASSINI SPACECRAFT
« HIGH RELIABILITY
- 90 WATT DELIVERED TO LOAD
* SMART POLE HYBRID FOR 15 HP ELECTRICAL ACTUATOR
- AIR FORCE PROGRAM 1988 - 1990
*  SMART POLE HYBRID FOR PV POWER CONDITIONING
- DOE FUNDED: AUGUST 1991 START

SPACE ENVIRONMENT
* EPSAT ENGINEERING CODE
- SDIO SPONSORED
- EMPHASIS ON MILITARY PLATFORMS
- SURVIVABILITY KEY GOAL
- COMPLETE INFY 1992
*  ENVIRONMENT WORKBENCH
- EPSAT DERIVATIVE
- SSF FUNDED, MINIMALLY
- SPACE STATION SPECIFIC

- COMPLETION REQUIRES LARGE INCREASE IN SSF FUNDING

RAWB91Q.04.20

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

PLASMA EFFECTS IDENTIFIED AS CRITICAL FOR SSF
MOTIVATED ENGINEERING CHANGE

* ARRAY "FLOATS" WITH 90% OF AREA BELOW PLASMA POTENTIAL
4 * SSF USES NEGATIVE GROUNDING

* SUBJECTS MODULE SURFACES TO 140 eV IONS

* ANODZED AL SPUTTERS, BREAKS DOWN

* SSF ELECTRICAL GROUNDING TIGER TEAM CONVENED
= CONFIRMED EFFECTS

= EVALUATED GROUNDING CHANGES OR OTHER WAYS TO REDUCE SSF
FLOATING POTENTIAL

= EPSAT-BASED CODE (EWB) MADE DESIGN TRADES EASY
* RECOMMENDED PLASMA CONTACTOR TO CONTROL POTENTIALS

« CONSIDERING ARRAY REDESIGN TO REDUCE ELECTRON CURRENT
COLLECTION - LeRC NASCAP/LEO MODELING RESULT

+150

(w.rt.

IONOSPHERE)

POTENTIAL

o
o
S v

RWB-91Q.04.11

N

PTS-7



BASE RA&T: SPACE ENERGY CONVERSION POWER MANAGEMENT
e —————————————————————————

OTHER DEVELOPMENT EFFORTS (con'td)
ELECTRICAL COMPONENTS AND SYSTEMS

+  SYSTEMS DIAGNOSTICS, RADIATION TOLERANT SWITCHES AND HIGH
TEMPERATURE MAGNETICS
- CSTI - HIGH CAPACITY POWER
+ STIRLING LINEAR ALTERNATOR - PC&C
- CSTI - HIGH CAPACITY POWER
+ NASA WIRING STUDY (KAPTON REPLACEMENT)
- CODE-Q
+  HIGH FREQUENCY LINK AND ELECTRIC ACTUATORS
- ALS AND CODES R-M BRIDGING TECHNOLOGY
- NLS AND SHUTTLE UPGRADES
+ MORE ELECTRIC AIRPLANE
- CODE RP & DOD
+ AUTONOMOUS POWER SYSTEM & EXPERT SYSTEMS
- CSTI - ARTIFICIAL INTELLIGENCE
+ SYSTEMS ANALYSIS (SCIENCE)
- CODE RS
«  MULTI-MEGAWATT INVERTER TECHNOLOGY
- USAF
+  SPACE BASED TESTBED (SC-2000)
- CODEC

RWB-91Q.04.M

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT
M

OTHER DEVELOPMENT EFFORTS (con'td)

- POWER MATERIALS

« SPACE POWER MATERIALS TECHNOLOGY
- CODERP
+ HIGH EMITTANCE RADIATOR SURFACES FOR SP-100
- CODERP
» DIAMOND THIN FILMS
- SDIO
« PV ARRAY ATOMIC OXYGEN PROTECTION
- SSF: ARRAY PROTECTION SYSTEM ADOPTED
« PVPOWER MODULE RADIATOR SURFACE LEO DURABILITY
- SSF: RECOMMENDED MODIFICATIONS ADOPTED
« SPACE STATION FREEDOM ARRAY MATERIALS EROSION FLIGHT
EXPERIMENT ON EOIM i
- SSF
« PV ARRAY FLEXIBLE CIRCUIT CARRIER KAPTON PYROLIZATION
- SSF

RW® Q0025



BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

Strain
to

Failure

OTHER DEVELOPMENT EFFORTS (con’td)

LEO ENVIRONMENTALLY DURABLE MATERIALS
- CODE RM

NASA ATOMIC OXYGEN EFFECTS TEST PROGRAM
- CODE RM

LDEF POST RETRIEVAL ANALYSIS
- CODE RM

PARA-TO-ORTHO HYDROGEN CONVERSION CATALYTIC SURFACES
- NASP

DIAMOND-LIKE FILMS FOR OPHTHALMIC LENS PROTECTION
- TECHNICAL UTILIZATION

OXYGEN DIFFUSION BARRIER COATINGS FOR BEVERAGE CONTAINERS
- EASTMAN CHEMICAL CO. :

RWB-910.04.26

SPINOFF APPLICATIONS OF

FLEXIBLE ATOMIC OXYGEN PROTECTIVE COATINGS

% Fluoropolymer
in 510,

PT5-9



POWER MANAGEMENT

DEVELOPMENT OF TECHNOLOGY INFRASTRUCTURE
FOR NASA MISSIONS

NASA—LeRC
POWER TRANSISTOR TECHNOLOGY TRANSFER
BENEFITS TO NG

NASA

*CRITICAL TRANSISTORS
ARE NOW COMMEACIALLY

AYALABLE AT LOW COST

*NDUSTRIAL APPUCATNIONS
WL DEMONSTRATE
RELIABALITY

*DESIGNER ACCEPTANCE IS RO =
OEVELOPED FOR USE W WESTINGHOUSE  Foeay .

lhi

SPACE POWER ~MVESTMENT 2 (MILLION) =
APPLICATIONS *SALES 500 (THOUSAND) <=
PER YEAR =
NASA RESEARCH ;
« MVESTMENT 160 ¥ V :
By i2i f20¢ B V1200 ' E5
1974-78 1978-81 1981-84

. NASA MINOR PLAYER IN POWER AND CONTROL ELECTRONICS INDUSTRIES
. REQUIRED TECHNOLOGY ONLY AVAILABLE IF THERE IS AN INDUSTRIAL BASE
. OAET CAN IMPACT BASE THROUGH JUDICIOUS SEED PROJECTS
. D6OT AND OTHER POWER TRANSISTORS NOW IN WIDE USE BY NASA, DoD AND INDUSTRY
MCT NOW ENTERING PRODUCTION AFTER JOINT SPONSORSHIP BY NASA, DoD AND EPRI

BASE RAT: SPACE ENERGY CONVERSION POWER MANAGEMENT

JECHNOLOGY CHALLENGES

SPACECRAFT POWER MANAGEMENT

«  ADVANCED, "CONVENTIONAL" SPACECRAFT: PLANETARY, EOS, ATDRSS, ETC.
« OBJECTIVE: EXTEND MISSION LIFE, REDUCE POWER & PROPULSION SYSTEM
MASSES AND INCREASE (SCIENCE) DATA RETURN

POWER FOR ADVERSE ENVIRONMENTS

« LUNAR/MARS BASES, SELF-INDUCED ENVIRONMENTS
+ OBJECTIVE: DEVELOP HIGH TEMPERATURE, RADIATION TOLERANT POWER
ELECTRONICS AND RESOLVE OTHER ENVIRONMENTAL HAZARDS

UTILITY POWER

« MANNED SYSTEMS, SPACE EXPLORATION INITIATIVE

« OBJECTIVE: PROVIDE SPACE SYSTEMS WITH THE SAFETY, FLEXIBILITY,
MAINTAINABILITY AND USER TRANSPARENCY NOW FOUND ONLY IN TERRESTRIAL
POWER UTILITIES

RWB-HQ.4.

- - PT5-10 =



BASE RAT: SPACE ENERGY CONVERSION POWER MANAGEMENT
%

SPACECRAFT POWER MANAGEMENT
OBucCTIVE:

EXTEND MISSION LIFE, REDUCE POWER & PROPULSION SYSTEM MASSES AND
INCREASE (SCIENCE) DATA RETURN

» ADVANCED, "CONVENTIONAL" SPACECRAFT: PLANETARY, EOS, ATDRSS, ETC.
APPROACH/BENEFITS:

« POWER INTEGRATED CIRCUITS :
- REDUCE PARTS COUNT BY 75% (INCREASED RELIABILITY)
- REDUCE WEIGHT BY 50%
- REDUCE VOLUME BY 40%
- INCREASED POWER DENSITY (X10) AND INCREASE EFFICIENCY
« INTERCALATED GRAPHITE ELECTRONIC ENCLOSURES
- EQUIVALENT TO METAL BOXES FOR EMI SHIELDING AND STRENGTH
- 1/2-1/4 WEIGHT OF METAL - STRUCTURES/MECHANISMS 20% OF POWER
SYSTEM MASS
+ EOS: ATOMIC OXYGEN PROTECTIVE COATINGS FOR SOLAR ARRAYS IN LEO
- KAPTON SUBSTRATE MASS LOSS < 50% OVER 15 YEARS

xR POWER TECHNOLOGY DIVISION NNAS/

AEROSPACE TECHNOLOGY DIRECTORATE Lews Research Cenver

CONVENTIONAL SPACECRAFT POWER

SYSTEM DRIVERS
* DEDICATION MISSION
* MINIMUM MASS
*  HIGH RELIABILITY
< MINIMAL ON-ORBIT REPAIR

MULTIPLE, INCOMPATIBLE, "STANDARD" BUSES

. GENERATION: SOLAR ARRAY OR RTG (~ _pccaD <veTEn )

. STORAGE: BATTERIES SUBSYSTEMS lc.:ou'rTnoL s
NITORIN
+ POWER CONDITIONING CONTROL AND ENERRTIOR
DISTRIBUTION
. prandl 2 i S 4?0&0 LOADS
- SINGLE/DUAL BUS 2 I
= FULL, SUNLIGHT OR UNREGULATED
- SHUNT OR PEAK POWER TRACKER
\_ J
- 2850 VOC
STORAGE PCSC: Power Conditioning & Contral
ARWB.NQ M4
\/ - —

PTS-11
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POWER MANAGEMENT AND DISTRIBUTION BASE R&T
- a5 —BQWERINTEGRATION TECHNOLOGY

STATE OF THE ART ASSESSMENT

+ GENERAL ASSESSMENT: CURRENT GENERIC POWER MODULES
ARE OF VERY LIMITED UTILITY (e.g. low power, simple functions),
LOW AVERAGE EFFICIENCIES, WILL NOT MEET SPACE
APPLICATION REQUIREMENTS.

+ DETAILED ASSESSMENT:

« CURRENT HYBRID MODULES ARE DRIVEN BY THE AUTOMOBILE INDUSTRY
FIRST, PC INDUSTRY SECOND

«  CURRENT, MULTIFUNCTION or SMART, HYBRID MODULES ARE LIMITED IN
POWER DELIVERY (e.g. 30 WATTS DISSIPATION)

+ HYBRID TECHNOLOGY IS NOT READY TO SUPPORT THE THERMAL NEEDS OF A
SPACE BOUND DEVICE

¢ MONOLITHIC TECHNOLOGY FOR POWER INTEGRATED CIRCUITS IS LIMITED TO
LOW POWER (1 TO 3 WATTS)

» MONOLITHIC PROCESSING OF POWER INTEGRATED CIRCUITS, INTEGRATING
HIGH POWER AND CONTROL FUNCTIONS, IS NOT A MATURE TECHNOLOGY

JUNE 26, 1991

Q"-uf v v T v

5 .?‘2" HIGH DENSITY POWERI z*

‘ -‘mnummé‘w
WAUMEMASS INTENSIVE 28

;

A
25
#

A

s q‘.t' &
?’a

2

ORIGINAL Z20F 18

OF POOR QUALITY
PT5-12
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INTERCALATED GRAPHITE COMPOSITE EMI SHIELDS
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ATOMIC OXYGEN PROTECTIVE COATINGS FOR LOW EARTH ORBIT

POWER SYSTEM SURFACES

-
il
o

O 44— O

PROTECTIVE
COATNG
SLVER OXDE

ATOMIC OXYGEN ATTACK . BINATIVE PROTE

v ATING

0 OCCURS AT DEFECTS IN COATING G COATING CATALYSES 20 --> 0, REACTION
0 RESULTS IN LARGE AREA OF DAMAGE 0 LIMITS UNDERCUTTING DAMAGE '

0 OPTICAL THEN MECHANICAL DEGRADATION

50% REDUCTION N SOLAR ARRAY BLANKET MASS

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

POWER FOR ADVERSE ENVIRONMENTS
BJECTIVE:

¢+ DEVELOP HIGH TEMPERATURE, RADIATION TOLERANT POWER ELECTRONICS
AND RESOLVE OTHER ENVIRONMENTAL HAZARDS
= LUNARMARS BASES
~ SELF-INDUCED ENVIRONMENTS

APPROACH/BENEFITS;

¢ DEVELOP RADIATION-HARD, HIGH-TEMPERATURE POWER ELECTRONICS:
MATERIALS, DEVICES AND SYSTEMS
- ALLOW OPERATION ON LUNAR SURFACE WITHOUT NEED FOR INSULATED
ENCLOSURES AND HEAT PUMPS
= REDUCE SIZE AND MASS OF LOW TEMPERATURE RADIATOR BY FACTOR
OF 2 OR MORE
- ENABLE NUCLEAR AND SD POWER SYSTEMS
o MODEL INTERACTIONS BETWEEN POWER SYSTEMS AND VARIOUS SPACE
PLASMAS AND GASES
« AVOID DISABLING ELECTRICAL DISCHARGES AND SYSTEM DEGRADATION
- PROVIDE ENVIRONMENTAL GUIDANCE TO SYSTEM DESIGNERS
*  AVOID DAMAGE AND SYSTEM DEGRADATION DUE TO LUNAR AND MARS DUST
= WIND AND OTHER ABRASION
- SHADOWING OF SOLAR ENERGY COLLECTIONS AND RADIATOR SURFACES

PT5-14
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l!EWACE TECHNOLOGY DIRECTORATE

| i ed
c-09-111¢4

GOALS

HIGHER ENERGY DENSITIES

REDUCE LAUNCH COST

APPLICATIONS

® SPACE EXPLORATION AND DOD SYSTEMS

e SPACE NUCLEAR POWER

® ADVANCED AND CONVENTIONAL AIRCRAFT

AT

HWIGH TEMPERATURE ELECTRONICS PROGRAM

REDUCE RADIATOR WEIGHT IN SPACE SYSTEMS BY
RAISING OPERATING TEMPERATURE FROM 100°C TO 300°C
HOSTILE ENVIRONMENT TOLERANCE

IMPROVE RELIABILITY AND LIFETIME

LESS THERMAL MANAGEMENT REQUIREMENTS

B ¢ COMPONENTS:

MASS PER UNIT POWER

POWER PER UMY MASS

CHNO

> ® ADVANCED MATERIALS:

TEMPERATURE

CAL DEVELOPMENTS

DIELECTRICS, INSULATION,

SEMICONDUCTOR, MAGNETICS

TRANSISTORS, CABL
BOARDS, INVERTERS

CAPACITORS, INDUCTORS, SWITCHES,
ES, TRANSFORMERS, CIRCUIT
, GENERATORS, COMPUTERS

POWER TECHNOLOGY DIVISION

NASAN

Lewrs Research Cemter

GOAL: BUILD & TEST ASSEMBLY

200°C-BASEPLATE ELE

CTRONICS

—— e

SURVIVES SEVERE ENVIRONMENTS AND LIGHTENS RADIATORS

ACHIEVABLE (100°C > SOA)
UNCOVERS MISSING TECHNOLOGY
EXCEEDS LUNAR TEMPERATURE (130°C)
REDUCES RADIATOR AREA > 2

- BROAD SPINOFFS

PT5-15
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L‘CD POWER TECHNOLOGY DIVISION NNASNA

SEACSFACT HECIRILOG Y OMICTORATE Lowts Rasesrch Center

SILICON CARBIDE TECHNOLOGY FOR HIGH
TEMPERATURE ELECTRONIC SWITCHES

Goal:

Develop and demonstrate a
high temperature and radiation
resistant SiC MOSFET power

switch

Source Gate Drain

Recently fabricated 6H-SiC
SiC MOSFET Structure grown junction light emitting
diode operating at 600 °C

Accomplishments
. Demonstrated high quality 6H-SiC epitaxial film growth processes

. Demonstrated capability to dope 6H-SiC films p-type with aluminum
. Fabricated prototype 6H-SiC MOSFET and successfully tested to 500 °C

CD-90-48911

GRAPHITE FLOURIDE HIGH THERMAL
CONDUCTIVITY PRINTED CIRCUIT BOARDS

Graphite her  Graphile fluoride Fider plass

P100) CFom) (S Gisss)
Electrical resistivity 25x 10 10" 4’014
(Qem) _
Thermal conductivity 300 1" 11
(W/m-K)
Young moduius 105 25 12
(Msi)
Longitudina! tensile 200 0
Strength (Ks!) ' 5%
Coetticient of thermal o1 s 3
expansion (CTE) (ppmiQ
Density (g/em?) 218 25 28
Vo Y7 n Vg 3 Vg 5. % 5. %)
0920, 9200.975..925. 7
s s Gt % w we
A ! Epeay
gl s N2, % 4. % 5. %5 Gz
of 1~ a- R Z 7%
Sy, "y Yoy 'S
onphin [ (IR
flouride (CFn ' 4 4 G
CO-00-48724

PT5-16
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CVD DIAMOND FILMS FOR HIGH POWER ELECTRONICS

SYNTHESIS
CHARACTERIZATION

HCVD

& MODELLING
Thermal Conductivity OF CVD DIAMOND

| T 0 .8 s e 42 e
bl RN ETRE g
T WLL ENABLE:
s AN T
* e T
[ 7 - trm
s L] Ui =T BN :
i AR D’?’f =37 o More Efficient Heat
f. r["l'—‘ AW NEINE 1 ) DY Spreaders
= — [____J
i T AR e T = o Lower Device Operat-
A [N N - ing Temperatures
; . t N \: o Increased Device
T s ?w Reliability/Lifetime
- i I
g ™~ — o Increased Specific
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.§> B MAXWELL

N

(4]

¢ EPSAT
Environment - Power System Analysis Tool

EPSAT |» %‘é/ : -
N\

System Design Tool For Large Space Based Power Systems

@
* System Analysis Of Compiex Systems
I'-. * Incorporate Many Analysis Models

+ Changeable As System Concepts Evolve

Technology Transfer
Scientists Power System
and Engineers Design Engineers

NASA/Lewis 4/90
2y . '
NN MAXWELL

EPSAT Performs Multi - Step Analysis
By Connecting Output To Input

SYSTEM
T GEN.
ORBIT ! ENVIRON.
: i "
==
: A
NATURAL
ENVIRONMENT

¢
SYSTEM ANALYSIS OR
DEFINITION TRADE OFF
’ STUDY

PT5-18
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BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

T R e —Y— — ——

EPSAT - A FOUNDATION FOR SEI

+ EPSAT DEVELOPED UNDER SDIO FUNDING

- COMPLETE FOR SDIO ENVIRONMENTS
- CONSIDERED A MAJOR SUCCESS, AND HAS BEEN EMBRACED BY LARGE
COMMUNITY OF MILITARY SPACECRAFT DESIGNERS & ENGINEERS

- A VERSION CALLED ENVIRONMENTS WORKBENCH IS UNDER DEVELOPMENT
FOR SPACE STATION DESIGNERS

« NEW NASA MISSIONS DEMAND NEW ENVIRONMENT AND EFFECTS
MODULES AND VALIDATION THEREOF

= LUNARMARS BASES
= NEPNTP

RWB-91Q.04.0

LUNAR ENVIRONMENTAL INTERACTIONS WITH POWER SYSTEMS

PREDICTED LUNAR DUST ACCUMULATION LUNAR ENVIRONMENTAL
AFTER MULTIPLE MISSIONS - SIMULATION FACLITY

WITH 26,800-N LAUNCH VEHCLE —ﬁj

- rumber of kner missions (once Irom -
%eo 12 3 4 s o LA tw?’ms'nm ]@
gt = Qa—0n_
] T een T
ga —— 1S00 m
gz 1~ 2000 m / l \
9 'f — 2300 m . .
E - _
: SO b
MANPOUCED NATURAL PARTQLE
PARTICLE TRANSPORT TRANSPORT
DUST ACCUMULATION PREDICTED TO:
omwmwoum
@ BE SIGNFICANT WITH TIVE, DISTANCE ) . 3
ommwm X \ L'——f&' _?_—‘;;"\—-—
® REDUCE PADIATOR PERFORMANCE handl {F8. o4 _// \t:-‘/
PARTICLE ADHESION ABATEMENT TEC-NQLES
THEORETICAL APPROACH EXPERMENTAL APPROACH

PTS-19



L\D POWER TECHN. _OGY DIVISION NI 3N

SEABIMCI 1 CPUi PuT B IOMAIE Lowis Ressarch Contar

DURABILITY OF MARTIAN SURFACE POWER SYSTEMS

THEORETICAL PREDICTIONS EXPERIMENTAL VERIFICATION
C+C0,— 2¢O Martian Atmospheric Chemistry
Simulator (MACS)
1.0 —
28 88—
23
%E 86— ==
ce (@]
8 - =i |
3.:'3 == ie
EE 22— =D .. F '
0 | L L I )
250 400 550 700 850

Temperaturs, K

[ ] DusT AccumuLatiOoNn [ Taﬁmt. CreLzng '

] AeoLIaN EFrecTs ’ RaDTATION DAMAGE

[ ] CMEMICAL DEGRADATION [} PASCHEN BReaxDOwN

[ ] CoMPONENT TESTING (] ABATEMENT TECHNIQUES
45!,: POWER TECHNOLOGY DIVISION

Lowns Agteamch Conter

UTILITY POWER FOR SPACE EXPLORATION

* COMBINES SPACECRAFT & TERRESTRIAL
ATTRIBUTES

*SPACE INFRASTRUCTURE REQUIRES
COMMONALITY WITH DIVERSITY

*REQUIREMENTS AND APPROACH NEED TO BE
DEFINED
-SPACECRAFT DESIGNS INAPPROPRIATE

4r4;"et’

A.-.&.

PT5-20



45D POWER TECHNOLOGY DIVISION NS \T

AEROSPACE TECHNOLOGY DIRECTORATE

Lews Research Center

EXPLORATION MISSIONS
NEW SYSTEMS
« LUNAR/MARS BASE « ADVANCED LAUNCH SYSTEMS
« SPACE STATIONS « TRANSFER VEHICLES (CHEMICAL)
. ROVERS + TRANSFER VEHICLES (NUCLEAR)
NEW TECHNOLOGIES CHANGED LOADS
* NUCLEAR REACTOR ¢ 1KWTO >MW
* SOLAR DYNAMIC * CONNECTABLE LOADS
* CONVERSION - DIVERSE (SOME LARGE) & > 100
- BRAYTON - >>GEN. CAPACITY
- STIRLING = LOAD SCHEDWLING
- RANKINE * SYSTEM INTERCONNECT
* REGEN-FUEL CELL * MOTOR & ELECTRICAL ACTUATOR
* FLYWHEEL - HIGH REACTVITY
- HIGH PEAK POWER
- REVERSE POWER FLOW

FUTURE POWER SYSTEMS WILL BE VERY

DIFFERENT FROM TODAYS SPACECRAFT SYSTEMS RWB-910.2.%
IS0 POWER TECHNOLOGY DIVISION NASANA
AEROSPACE TECHNOLOGY DIRECTORATE Lews Research Conter
EXPLORATION MISSIONS
GENERIC REQUIREMENTS

*

HIGH SAFETY & AVAILABILITY (MANNED SYSTEMS)

FLEXIBILITY (GROWTH & EVOLVING MISSIONS)

UNLIMITED POWER SYSTEM LIFE (POWER INTEGRAL TO SYSTEM)

IN-SITU ASSEMBLY AND SERVICING

USER TRANSPARENCY (MULTIPLE INDEPENDENT ACTIVITIES)

AWB-NQ® ¢

PTS-21
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A POWER TECHNOLOGY DIVISION NNAS/\ 1

AERDSPACE TECHNOLOGY DIRECTORATE Lowss Research Center
DEDICATED vs UTILITY POWER SYSTEMS
REQUIREMENTS APPROACH
DEDICATED
FOCUS ON MEETING
CHARACTERISTIC |DEDICATED | UTILITY * MISSION SPECIFIC REQUIREMENTS
Source Capacity 110 kW KW - MW * ADAPT EXISTING SPACECRAFT BUS
Source Number 1-2 Muttiple
Growth No Yes unuTy
Lifetime Fixed Extendible
fet’:’igb‘e o N‘: Ve: * FOCUS ONMAJOR SYSTEM ELEMENTS
oadiSource Cap. - >> - GENERAL REQUIREM
Physical Size Small Large - e EMENTS
Flexibility Loads fixed | Loads vary
Manned No Yes - MUTUAL COMPATIBILITY
* COMBINE MODULAR ELEMENTS

* INCLUDE REQUIREMENTS FOR
- REPAIRS '
= USER TRANSPARENCY
~  EVOLUTIONARY DEVELOPMENT

UTILITY APPROACH INCREASES DDT&E COSTS
BUT BROADENS APPLICABILITY AND LOWERS LIFE CYCLE COSTS.

RWB-910.027

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

SPACE UTILITY SYSTEMS
AC versus DC

« SPACE SYSTEMS - BASED ON DC
TERRESTRIAL & AIRCRAFT - BASED ON AC

- HEAVY
- HIGH FREQUENCY AC DEVELOPED TO REDUCE MASS

SSF FREQUENCY SELECTION

- EXTENSIVE TRADE STUDIES

- DC AND 20 kHz AC TESTBEDS (25 kW)

- TECHNOLOGY READINESS

- SELECTED DC (FY91 BUDGET RESTRICTIONS)
* LOWER DEVELOPMENT COST, LOWER PERFORMANCE
* HIGHER TRANSPORTATION COSTS

DATA BASE FOR SPACE EXPLORATION

RWR-81Q.04.17

PTs-22



BASE R&T: SPACE ENERGY CONVERSION

AC versus DC

POWER MANAGEMENT

POWER CONDITIONING

. AC TRADES UP-STREAM COMPLEXITY FOR DOWN-STREAM SIMPLICITY

- e.g. INVERTER + TRANSFORMERS vs. DIRECT COUPLE + DC-OC CONVERTER

+ DC ATTRACTIVE FOR SPACECRAFT POWER

DIRECT-COUPLED SOLAR ARRAY

. SIMPLE DISTRIBUTION & LOAD STRUCTURE (DOWN STREAM)

AC ATTRACTIVE FOR SPACE UTILITY

. COMPLEX DISTRIBUTION
- HIGH FANOUT
RWE-010.04.18
POWER TECHNOLOGY DIVISION NNASANA

A1

ALNOSPACE TECHNOLOGY OMW CTORATE

Lewss Nescach Conter

MASS
(kg)

1740
1950
740

6mn

LJLJUU

]

UTILITY POWER
SUBSYSTEM CAPACITIES & MASSES
(SSF EXAMPLE)
CAPACITY ELEMENT
(W)
8 X 9.375 r) GENERATION PC3C
gx125 100 STORAGE PC&C
8 X125 100 INTERCONNECT
8 X125 100 PRIMARY DiSTRIBUTION
2 X125 400 SECONDARY - -
< 2000 LOADS PCAC

PT5-23
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BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

ADVANCED PMAD FOR GROWTH STATION
MASS DISTRIBUTION AND SAVINGS

13%

HIGH FREQUENCY AC AND HIGH
TEMPERATURE PMAD COMPONENTS

® LIGHTER PMAD

* HIGHER EFFICIENCY

® REDUCED ARRAYS & BATTERIES

* REDUCED RADIATORS & THERMAL SYSTEMS

PRESENT POWER SYSTEM MASSES

19% RWB-91Q0.04.12
NASA
C-90-03907

POWER TECHNOLOGY DIVISION

ABNOAPACL 11 Coumcu OGT SN TORA 1§ Lawis Resesrch Conter

HIGH FREQUENCY LINK, INDUCTION MOTOR DRIVE SYSTEM

PRINCIPLES/BENEFITS MOTOR DRIVE TEST SET-UP
OF NEW MOTOR DRIVE 1

TORQUE

-

SPEED
CONSTANT VAV INDUCTION MOTOR

* DEMO SHp INDUCTION MOTOR DRIVE

—PULSE POPULATION MODULATION -
FROM HIGH FREQUENCY LINK ~ S s il
—FIELD ORIENTED CONTROL PAYOFFS FOR LAUNCH VEHICLES

* MAX TORQUE AND EFFICIENCY AT AND AIRCRAFT:
ANY SPEED * OPERABILITY—LAUNCH ON DEMAND
* MINIMIZES STRESS ON ELECTRICAL « REDUCE MAN TESTS, COSTS
COMPONENTS * ELIMINATE HYDRAULICS, APU'S, CARTS
* MINIMIZES EMI/EMC * REDUCE WEIGHT, ENERGY
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POWER TECHNOLOGY DIVISION

LeRC IN-HOUSE EMA

(ELV/ATLAS)

@ Joint NASA-Generai Dynamics exchange program
® 20 Hp nominal, 30 Hp peak induction motor drive system

@ BIT (Built-in-Test) capability
- Phase voltage and current testing

@ DSP Control scheme

® Optically coupled, closed 100D field oriented control

® Schedule
| FY 91 | FY 92 FY ‘93

System Design
System Butid-up

Software Development

System Testing H

BASE RAT: SPACE ENERGY CONVERSION POWER MANAGEMENT

/

SPACE-UTILITY/HIGH TEMPERATURE PMAD ROADMAP/SCHEDULE

[1992[1993] 1994 [ 19951996 | 1997 1998 |

’

TECH. DEMO UTIITY POWER DEMONSTRATION *
SPACE 1 \
POWER { 3 ;
UTILITY 200°C PMAD 1kgAW PMAD
{ PMAD SYSTEM STUDIES
COMPONENTS
300°C
POWER 1 AGas SWITCH *
ELECTRONICS
SYSTEM DESIGN
RADIATION HARD PMAD BREADBOARD
HIGH TEMPERATURE
POWER ‘ PASSIVE COMPONENTS
ELECTRONICS [ STRATEGIC ONLY
SIC/DIAMOND POWER SWITCH *
) o REDUCED SCOPE
& SCHEDULE N

BASELINE

AWS-910.04.19
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PMAD SPACE ENVIRONMENTAL INTERACTIONS ROADMAP/SCHEDULE

1992 1993 1994 1995 1996 1997
L ELVWAVES/AC EXPT, N\ ACEXPT. RESULTS ]
FUGHT SAMPIE /] SAMPIE RESULTS
EXPERIMENTS SPEAR-IIl {___ SPEAR-NRESULTS }
—=—f o
INTEGRATED SSF INT.
MODELS ey | | maers || paones | [ ievaesfa
/ Z
GROUND SAMPIE AC, WAVES PASCHEN BKDN,
TESTS SEATH l TRANSIENTS DUSTY PLASMA
\ -
EPSAT-BASED SPEPSAT
CoDES el
y ‘
DESIGN GUIDELINES SSF PLASMA SSF ENY. INT. HANDBOOK Nx y
SPECS. SPACE POWER SYS. DESIGN GUIDELINES ,
AC, WAVES. EMI (1998
2\ - MILESTONE [ - STRATEGIC FUNDING ONLY
RB91-002. 1
SPACE SCIENCE TECHNOLOGY
POWER MATERIALS TECHNOLOGY
POWER MATERIALS TECHNOLOGY R ADMAP/SCHEDULE
KEY ACTIVITIES 1991 | 1992 | 1993 [ 1994 | 1905 | 1996 [ 1097 [ 1998 | 1990 | 2000
COATING MATERILS & TECH
ATOMIC OXYGEN L 20.YEAR EQUIVALENT DURABITY DEMGRS TRATION ]\ DEMO.
PROTECTIVE COATINGS i LWVM
L eRRECTORS DEMO,
ARC DISSIPATION COATINGS
ARC PROOF SOLAR h V oemo.
ARRAY MATERIALS {_FLEXELE ARRAY EVALUATION ] {7 DEMO.
MQWWPMERS
DIAMOND FILM POWER @ V¢ 504 suncenent
DEVICES [_UAcEGRANFAR_ —{ vt ouanv s ) V oeuonstrare Neer
INTERCALATED GRAPHITE £ CONNECTIONS Y CEMONSTRATE COVER
EM! SHIELDING X oeuonsrare eve s
FABRIBATE COMPONENT
LUNAR/MARTIAN POWER STV FACLITY AT DT AT oy
SYSTEM DURABILITY TOENTFY PV §
RADIATOR GEQMETRIES
D
HIGH Ta%%%# Bogrn Dugnvrrv Voewo.
9101210
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POWER MANAGEMENT AND DISTRIBUTION BASE R&T

=@A@WHNQLQ£¥-——

BROADMAP/SCHEDULE

RAT BASE POWER

INTEGRATION TEGHNQLOGY 1991 | 1992 | 1983 1994 {199s | 1996 | 1997 | 1998 | 1999 | 2000
POWER SWITCH HYBRID HYBRID SMART MONOUTHIC
switeH PROTOTYPE ol SMANTS
v A4 v
CURRENT v
SMART SMART HYBRID MONOUTHIC  INTEGRATED
PROTOTYPE MODULE SMARTS SMART POLE
SYNCHRONOUS PROTOTYPE proTOTRE pROTOTYPE
RECTIFICATION v v v
CURRENT
ADVANCED SMART INTEGRATED
PROTOTYPE PROTOTYPE PROTOTYPE SMART
SYNCH. RECT.
v v v
AUGMENTED P o i M e et St e b g
JUNE 29, 1991

POWER MANAGEMENT

/

ACCOMPLISHMENTS - TRANSFERRED TECHNOLOGY

POWER INTEGRATION

ELECTRONIC SWITCHING (REMOTE POWER CONTROLLER) ADOPTED FOR CRAF

ELECTRICAL COMPONENTS AND SYSTEMS

DEVELOPED FIRST LARGE POWER TRANSISTOR (D6OT) - NOW IN WIDE USE IN DoD AND INDUSTRY
150 VDC REMOTE POWER CONTROLLER ADOPTED FOR SSF

*ROLL RING" ROTARY POWER TRANSFER DEVICE ADOPTED FOR SSF

HIGH FREQUENCY PMAD ADOPTED FOR SSF (LATER CHANGED TO DC)

PULSE DENSITY MODULATED DRIVE AND INDUCTION MOTORS ADOPTED FOR ALS TVC AND PRIME
CANDIDATE FOR NLS ACTUATORS

MOSFET CONTROLLED THYRISTOR (MCT) NOW IN PRODUCTION

FIBER OPTIC CURRENT METER TO BE PRODUCED 8Y 3M FOR POWER INDUSTRY APPLICATION

ENVIRONMENTAL INTERACTIONS

.
.
.
.

NASCAP IN WIDE USE FOR DESIGN OF GEO SPACECRAFT
EPSAT IN USE FOR SDIO MISSIONS

SSF ARRAY DESIGNS BASED ON SAMPIE AND LeRC TESTS
REVISED "GROUNDING*® FOR SSF

POWER MATERIALS

s s o ®

ATOMIC OXYGEN PROTECTION COATING USED ON SSF ARRAYS

COATING ALSO BEING EVALUATED FOR BEVERAGE INDUSTRY

293 COATING USED ON SSF RADIATORS

DIAMOND-LIKE FILMS TO BE USED FOR FACE SHIELDS, HELICOPTER WIND SHIELDS & EYE GLASSES

PTS5-27
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BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

WIDE APPLICATION TO FOCUSED PROGRAMS

EXPLORATION
HIGH CAPACITY POWER
SURFACE POWER
ELECTRICAL LASER ELECTRIC POWER BEAMING
COMPONENTS &
POWER SYSTEMS TRANSPORTATION
POWER
MANAGEMENT | MATERIALS

ET0 VEMICLE AVIONICS
MUCLEAR ELECTRIC PROPULSION
NUCLEAR THERMAL PROPULSION
SOLAR ELECTRIC PROPULSION EXPERIMENT

ENVIRONMENTAL
INTERACTIONS

SCIENCE &
PLATFORMS

* MORE-ELECTRIC AIRPLANE SPACE .
DEEP SPACE PLATFORMS
« INDUSTRIAL BASE OPERATIONS {4

AUTOMATION
ROBOTICS

AWB-010.0¢ 4

BASE R&T: SPACE ENERGY CONVERSION POWER MANAGEMENT

SUMMARY

*  TECHNICAL CHALLENGE: FOR ALL MISSIONS, PMAD INTEGRATES POWER
SUBSYSTEM WITH THE TOTAL SYSTEM AND SATISFY ITS REQUIREMENTS.
NEW TECHNOLOGY IS REQUIRED TO:

* MEET EMERGING NEEDS OF NEW MISSIONS: BASES, ROVERS, PLATFORMS, VEHICLES
= REDUCE PMAD MASS AND COST (NOW 172 - 1/4 THOSE OF POWER SYSTEM)
= INCREASE SYSTEM SAFETY, LIFE, FLEXIBILITY AND USABILITY
*  APPROACH: MUST ADORESS EXTREMELY COMPLEX SET OF ISSUES, MULTIPLE
TECHNOLOGIES AND A MASSIVE COMMERCIAL INFRASTRUCTURE
= FOUR INTERLINKED RESEARCH GROUPS WITH DIFFERENT SPECIALTIES
* SYSTEM ANALYSIS TO IDENTIFY ISSUES AND QUANTIFY BENEFITS
= COMMERCIAL DEVELOPMENT & MARKET SERVE AS PROGRAM AMPLIFIERS
¢ PAYOFF: IMPACTS ALL MISSIONS, EITHER ENABLING OR ENHANCING
* SIGNIFICANTLY REDUCED MASS AND COST
* GREATER SAFETY, RELIABILITY AND LIFETIME
= FLEXIBLE AND USER FRIENDLY POWER SYSTEMS
= CONFIDENT SYSTEM DEVELOPMENT
FUNDING AUGMENTATION NEEDED TO ASSURE THAT ALL CRITICAL ISSUES ARE
ADDRESSED AND TECHNOLOGY INFRASTRUCTURE IS AVAILABLE WHEN NEEDED
PMAD PROGRAM IMPACTS ALL FOCUS THRUSTS AND 12 THRUST ELEMENTS
= STRONG SYNERGISM WITH AERONAUTICS, DoD PROGRAMS AND COMMERCIAL APPLICATIONS

-

AWB-$10.04.31
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= QAET

INTEGRATED TECHNOLOGY PLAN
EXTERNAL REVIEW
-JUNE 26, 1991-

BASE R & T PROGRAM

|
- THERMAL MANAGEMENT

(506-41-51)

T. D. SWANSON

GODDARD SPACE FLIGHT CENTER

BASE R&T PROGRAM

SPACE ENERGY CONVERSION R&T

o QAET ==

1
[THERMAL MANAGEMENT]

« OB TIV

+ PROGRAMATIC
OEVELOP ADVANCED ORBITAL AND
PLANETARY THERMAL CONTROL
TECHNOLOGIES WITH LOW MASS, HIGH
RELIABILITY, AND LONG LIFE

< TECHNICAL

HEAT PUMPS 7 KG/KW
AADIATOR MASS 1 - 4 KG/M2
CRYOGENIC HEAT PIPES 3X
POWER ELECTRONICS 1/20

+ SCHEDULE

. 1992 DEMONSTRATE LIQUID SHEET
RADIATOR

« 1996 DEMONSTRATE 2X SOA IMPRAOYEMENT
IN CRYOGENIC HEAT PIPES

« 1996 DEMONSTRATE ADVANCED HEAT PUMPS
(3X SOA) SUITABLE FOR MICRO G

. 1997 COMPLETE INTEGRATED TEST FOR
POWER ELECTRONICS RADIATOR

< 1999 VALIDATE ANALYTICAL MODELS FOR
HEAT PUMPS AND HEAT PIPES

+ RESQURCES

YEAR CURBENT  SIBATEQIC
. 1993 $ 1.0M $ 1.1M

< 1994 $ 1M $ L4M

- 1995 $ 1M $ L7M

. 1996 $ 1.2M $ 1.9M

- 1997 $ 1.2M $ 2.3

- 1998 $ 1.3M $ 2.6M

- 1999 $ 1.3M $ 3.0M

+ PARTICIPANTS
. P N

RESPONSIBILITY INCLUDES THERMAL CONTROL OF
INSTRUMENTATION, SENSORS, AND OTHER HEAT
DISSIPATING EQUIPMENT

+ LEWIS RESEARCH CENTER
RESPONSIBILITY INCLUDES ADVANCED RADIATOR

CONCEPTS AND ADVANCED POWER ELECTRONICS
COOLING

PT6-1



PROGRAM SCOPE

= OAET

THE THERMAL MANAGEMENT BASE R & T PROGRA
M
WILL SUPPORT FUTURE ORBITAL, DEEP SPACE,

CURRENT THERMAL MANAGEMENT SITUATION
== OAET

THERMAL CONTROL TECHNOLOGY IS CURRENTLY
EXPERIENCING A MAJOR GROWTH IN REQUIREMENTS.

THIS IS DRIVEN BY MAJOR INCREASES IN SPACE-
CRAFT:

* PHYSICAL SIZE
+ POWER LEVEL
+ COMPLEXITY

EVOLUTION OF TECHNOLOGY FROM DISCRETE TO |
CENTRAL THERMAL CONTROL

IMPLICATIONS INCLUDE:

* NOW ENABLING TECHNOLOGY (EOS PLATFORM)
* GREATER RISK; FAILURE NOT GRADUAL, MAY
CAUSE LOSS OF SPACECRAFT

PT6-2



GROWTH IN SIZE

Q SOLAR ‘RAOIATION
I |
N
/‘E || POWER IN =
fﬂ g0 = HEAT REJECTED
|
HEAT REJECTED  “___J
SUBSYSTEM TRENDS ISSUES SOLUTIONS
POWER HIGHER LEVELS GREATER SIZE « HIGHER EFF. CELLS
AND WEIGHT + NEW GENERATOR
CONCEPTS
THERMAL HIGHER POWER, - SIZE/WEIGHT « HEAT PUMPS

TIGHTER LIM: 7S, * CONTROL

* TWO-PHASE BUS
LONGER DISTANCES

* NEW RADIATOR
CONCEPTS

GROWTH IN COMPLEXITY
ILDINGS/SPACECRAFT ANALOGY
1800's Early-Mid 1900's

Fireplace and -

Furnace and Central, multi-zone

Windows Windows heating and cooling
1960’s and 1870's 1980's 1990's
MLI and heaters Pumped single phase Two-phase central

and heat pipes thermal bus

PTs-3



NORMALIZED GROWTH (PERCENT)

4000 —

3000 —

2000 —

1000 —

GROWTH
PROJECTED
—b

RF POWER

DC POWER

THERMAL

SPACECRAFT
MASS

0 T T T 13 ] T T T T
1975 1980 1985 1990 1995 2000
YEARS
BASELINE | CURRENT |PROJECTED

YEAR 1975 1990 2000
MASS (KG) 940 1300 1950
DC (W) 850 3750 15000
RF (W) 180 1350 7000
THERMAL

DISSIPATION (W) 670 2400 8000

DOD PREDICTIONS

PT6-4



=Q0AET

RF POWER

OC POWER

THERMAL

NORMALIZED GROWTH (PERCENT)

SPACECRAFT
MASS

T ' 1 1 v r7T
1975 1980 1985 1980 1985 2000

YEARS

BASELINE | CURRENT |PROJECTED
YEAR 1978 1990 2000
MASS (KG] 940 1300 1950
OC (W) 450 0 15000
RF (W) 180 13%0 7000
THERMAL
DISSIPATION (W) §70 2400 8000

DOD PREDICTIONS

APPROACH

PROGRAMMATIC ELEMENTS FOR ACCOMPLISHING
THIS EFFORT INCLUDE THE FOLLOWING:

*

MISSION FOCUSED SYSTEMS LEVEL ANALYSIS
STUDY TO IDENTIFY NEEDS

MULTI-CENTER PARTICIPATION

LEVERAGE WITH DOD, DOE AND OTHER NASA
EFFORTS (SBIR, IN-STEP EXPERIMENTS,
PROJECT SUPPORTED WORK)

TRANSITION FROM OAET SUPPORT TO PROJECT
SUPPORT AS TECHNOLOGY MATURES

10 TO 15 YEAR LEAD TIME NEEDED

PURSUE MULTIPLE TECHNOL >GY OPTIONS
(FOR STRATEGIC LEVEL OF FUNDING)

PT6-5



=—OAET

TECHNOLOGY NEEDS

ANALYSIS OF FUTURE MISSIONS, SUCH AS SECOND
GENERATION EOS PLATFORMS, LUNAR BASE, MARS
MISSION, AND CRAF/CASSINI, INDICATE THE
FOLLOWING FUTURE REQUIREMENTS:

*

*

*

* - L * *

GREATER POWER LEVELS

MORE HEAT LOAD SOURCES

HEAT LOADS BURIED WITHIN BODY OF THE
SPACECRAFT WITH NO VIEW TO SPACE
CONFLICT BETWEEN RADIATOR VIEWS AND
INSTRUMENT VIEWS

GREATER TRANSPORT LENGTHS

TIGHTER TEMPERATURE CONTROL
INCREASED CRYOGENIC TEMPERATURE CONTROL
HIGHER RELIABILITY

LOWER WEIGHT

TECHNOLOGY OPTIONS

———QAET
TECHNOLOGY HARDWARE/SOFTWARE NEEDED
e CENTRAL TWO-PHASE ¢ HEAT PUMPS
BUS e ANALYTICAL MODEL OF

» REDUCED RADIATOR
AREA/WEIGHT

FLUIDS IN MICRO-GRAVITY

e LONG LIFE MECHANICAL PUMPS
FOR AMMONIA

e PUMP CONTROLLER

*» UNDERSTANDING OF NON-
CONDENSABLE GAS ISSUE

e LIGHT WEIGHT MATERIALS

COMPOSITE RADIATORS
INNOVATIVE CONCEPTS

HEAT PUMPS

ELIMINATE NEED FOR EXTERNAL
POWER ELECTRONICS RADIATOR
LIQUID METAL MICRO HEAT PIPE
DIRECT IMMERSION HEAT PIPE

® o o o

* ©®
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HEAT PUMP TWO-PHASE BUS CONCEPT
-INCREASE REJECTION TEMPERATURE/COOL PAYLOAD-

OAET
COMPRESSOR
‘ ;.‘
RADIATORS _iL I —
! k / /l i ‘ A «
/, x Qa ( 5 ar {ﬂ‘;—!,. 3
L 3f 8 ELIRE
} PUMP | 335 - |25 ! ; 'iPUMPi‘ 23
{ a3 la g ! L S w
<) 5: : \‘{5; :n<_‘kg 35
JL
EXPANDER
L ""3 POWER TECHNC )GY DIVISION JUASY |

DIRECT IMMERSION HEAT PIPE

HEAT SINK
CONTAINMENT BOX

................................................................
1

L

Ll

’ e |

.
h M N ’ . o
. ' ’ ’

g v o
N [y ' ¢ . d
s ‘ » , - b
by P
" L

............

.....................

-----

ELECTRONIC COMPONENTS ~~
HEAT PIPE WORKING FLUI
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A‘D POWER TECHNC GY DIVISION W\’

Lowis Resench Co. _.

’ SEOVINC s TECEN OB ¢ Ui C 1 GRAN

LIQUID METAL MICRO HEAT PIPE FINS

HEAT ' HEAT
PIPE | FIN @3

A

LIQUID METAL
SILICON SHEETS MICRO HEAT PIPES

X [/
OO0

SECTION A — A

A POWER TECHA..OGY DIVISION NS,

A ROSPACT 1 OOl OCY SMECTORAIE Loate Rosesch Conter

A

LIQUID DROPLET AND LIQUID SHEET RADIATOR

RADIATIVE "FINS" AND "HEAT PIPES" OF CONVENTIONAL RADIATORS
REPLACED BY STREAMS OF DROPLETS OR A LIQUID SHEET

HOT WORKING R UID
TO RADIATOR

(4

o } COOLED WORKNG
« WASTE HEAT- LD RETURN 10
HIAT DXCHANGER WASTE HEAT-

RECRCULATING PUMP—-"" HEAT DXCHANGER

PT6-8



TECHNOLOGY OPTIONS

(CONTINUED)
—— QAET
TECHNOLOGY HARDWARE/SOF TWARE NEEDED

LOW TEMPERATURE
THERMAL CONTROL

CRYOGENIC HEAT PIPES
ANALYTICAL MODEL
CRYOGENIC TWO-PHASE BUS
THERMAL SWITCH

HIGH TEMPERATURE HIGH TEMPERATURE HEAT
THERMAL CONTROL PIPES

+ ANALYTICAL MODEL

+ MATERIALS

* L * »

»

CRYOGENIC HEAT PIPE APPLICATION

=Q0AET

INDIVIDUALLY COQLED SENSORS CENTRAL BANK OF

CRYOCOOLERS

CRYOCOOLER

SENSOR

THREE SENSORS, THRE = SENSORS,
12 CRYOCOOLERS 2 TO 6 CRYOCOOLERS

PT6-9



TECHNOLOGY PAYOFF

==QAET

¢ ENABLE CERTAIN MISSIONS
- LUNAR BASE (LOW TEMPERATURE (<300 K) HEAT

REJECTION)

- ADVANCED ORBITAL PLATFORMS

* ENHANCE SCIENCE RETURN
- LOWER WEIGHT FOR SUBSYSTEMS MEANS
MORE WEIGHT AVAILABLE FOR SCIENCE

PAYLOAD

- LONGER LIFE/MORE RELIABLE THERMAL
CONTROL WILL ALLOW LONGER MISSIONS

* ENABLE LARGER/MORE COMPLEX COMMERCIAL

SATELLITES

STATE OF THE ART VS. GOALS

OAET
TECHNOLOGY STATE OF THE ART GOAL
HEAT PUMP 24 KG/KW 8 KG/KW
CRYO HEAT PIPE 10 W-m @ 70 K 20 W-m ¢ 70 K
LIGHTWEIGHT RADIATOR 9 KG/M2 1-4 KG/M2
ANALYTICAL MODELS N/A VERIFIED BY

FOR ENGINEERING
PARAMETERS

POWER ELECTRONICS
RADIATOR

MECHANICAL PUMP

MICRO-GRAVITY
DATA
6 M2/KW 0.3 M2/KW

500 HOURS LIFE 80,000 HOURS LIFE

PT6-10



=—OAET

PROGRAM DESCRIPTION
"RECENT ACCOMPLISHMENTS-

* OXYGEN AND NITRO

-FABRICATED AND TESTED, GOOD CORRELATION
TO MODEL

* CRYOGENIC HEAT PIPE FLIGHT EXPERIMENT

-UNDERGOING PERF

1982 MANIFEST, JOINT EXPERIMENT WITH AIR
FORCE (WRIGHT LABORATORY)
* HEAT PUMPS

-COMPLETED SYSTEM LEVEL STUDY, INITIATED
COMPONENT LEVEL CONCEPTUAL DESIGN AND

SPECIFICATION (L

* LIGHTWEIGHT MATERIALS

-COMPLETED SOA

PROMISING CANDIDATES

* TWO-PHASE LOOPS
-INITIATED INNOVATIVE CONTROLLER STUDY AND

TEST

PROGRAM DESCRIPTION
-CURRENT AND STRATEGIC-

=" OAET

GEN CRYOGENIC HEAT PIPES

ORMANCE TESTING, OCTOBER

EVERAGED EFFORT WITH NIST)

SURVEY, IDENTIFIED SEVERAL

TECHNOLD
HEAT PUMPS

CRYOGENIC
HEAR PIPES

LIGHTWEIGHT
RADIATORS

NOTE: ITALICS REFERS TO RE
IF STRATEGIC FUNDING

-ESTONE
* DEVELC  TWO (ONE) BASIC
DESIGN .ONCEPTS
* 3X SO4 :2X SOA) IMPROVE-
MENT ' SPECIFIC WEIGHT
* DESIGM  _IGHT EXPERIMENT

* 50% (35%) IMPROVEMENT
OVER SOA
* DESIGN FLIGHT EXPERIMENT

*

IDENTIFY INNOVATIVE CONCEPT®
CONSTRUCT MICRO HEAT PIPE
FINS

* DEMONSTRATE 1-4 KG/M2
(3-5 KG/M2) RADIATOR

L 4

PT6-11
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.

1994

1996/
1997
1999/
2007

1995

1998

1994
1995

1996

DUCTION IN SCOPE/PERFORMANCE
LEVEL IS NOT APPROVED



PROGRAM DESCRIPTION-CONTINUED
-CURRENT AND STRATEGIC-

QAET
TECHNOLOGY Ml TON SCHEDULE

L]

POWER ELECTRONIC + DEVELOP INNOVATIVE + 1993
THERMAL CONTROL CONCEPTS

+ 20:1 REDUCTION IN SIZE + 1997
AND WEIGHT OF RADIATOR
CRYOGENIC TWO- + DESIGN CONCEPT + 1995/
PHASE THERMAL 1997
BUS + GROUND TEST + 1998/
2000
CODE VALIDATION + WATER HEAT PIPE + 1994/
18997
+ LIQUID METAL HEAT PIPE + 1996/
1987
LIGHTWEIGHT + 35% (20%) REDUCTION IN + 1997
MATERIALS WEIGHT OF COMPONENTS
ANALYTICAL + CRYOGENIC HEAT PIPES -« 1996/1998
MODEL + HEAT PUMPS + 1999/2002

RESOURCE REQUIREMENTS

($ M)
1991 1992 1993 1994 1995 1996 1997
CURRENT 07 10 10 11 11 12 12
3x 07 10 11 14 17 19 23
STRATEGIC 07 10 11 14 17 19 23

——OAET
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RELATIONSHIP OF R & T BASE

TO FOCUSED PROGRAM
= OAET

FOCUSED PROGRAM ENHANCES BASE PROGRAM BY:

* PROVIDING MORE TECHNICAL OPTIONS FOR
A GIVEN COMPONENT

* PROVIDING MORE SPECIFIC DESIGN AND
ANALYSIS OF ISSUES FOR A GIVEN MISSION
CLASS

* IMPROVING PERFORMANCE MARGIN

* ACCELERATING DEVELOPMENT SCHEDULE

RELATED TECHNOLOGY EFFORTS

==0AET

NASA
+ EOS AND SPACE STATION PROJECTS
-40 C TWO-PHASE THERMAL BUS CONCEPTS

* IN-STEP
-GREGORIG GROOVE HEAT EXCHANGER
-LIQUID MOTION IN A TANK

+ SBIR
-MECHANICAL/CHEMICAL HEAT PUMP
~SINTERED WICK CRYOGENIC HEAT PIPE
-LONG LIFE MECHANICAL PUMP
-COMPOSITE RADIATOR

AIR FORCE
* JOINT CRYOGENIC HEAT PIPE EXPERIMENT
WITH NASA/GSFC
* HIGH TEMPERATURE HEAT PIPE
+ ANALYTICAL MODEL FOR HEAT PIPES
» CAPILLARY PUMPED LOOPS

DOE
*+ ADVANCED HEAT ENGINES (STIRLING, ABSORPTION)

PTs-13



-SUMMARY -

R&T BASE: THERMAL MANAGEMENT
== OAET

+ TECHNICAL CHA NGES: MICRO G PERFORMANCE, COST, LIFETIME

* APPRQACH: FOCUS ON HEAT PUMPS, CRYOGENIC HEAT PIPES,
INNOVATIVE RADIATORS, 20:1 REDUCTION FOR POWER
ELECTRONICS RADIATOR, AND ANALYTICAL MODELS

* PAYOFF: ENABLE LUNAR BASE (300 K WASTE HEAT REJECTION),

MAJOR IMPROVEMENT IN SENSOR COOLING, 50% OR MORE
REDUCTION IN RADIATOR SIZE AND SPECIFIC MASS,
AND BETTER ANALYTICAL MODELS

* AUGMENTATION RATIONALE: EXPAND BASE PROGRAM TO INCLUDE

MULTIPLE OPTIONS, ADDRESS PROBLEMS
NOT ADDRESSED IN BASE

* RELATIONSHIP TQ QTHER PROGRAMS: BASE PROGRAM PROVIDES
GENERIC FOUNDATION FOR MORE MISSION

SPECIFIC FOCUSED EFFORT, SIGNIFICANT
INTERACTION WITH AIR FORCE

*+ TECHN Y NTRIBUTIONS: CODE R FUNDED CAPILLARY PUMPED
LOOP TECHNOLOGY NOW BASELINED FOR ECS
PLATFORM - ENABLING TO THIS MISSION
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==EXPLORATION TECHNOL( Y=

SPACE NUCLEAR POWER
(SP-100)

BY

R. J. SOVIE
DEPUTY CHIEF, POWER TECHNOLOGY DIVISION
NASA LEWIS RESEARCH CENTER

ITP EXTERNAL REVIEW

JUNE 27 1991

| =——— =EXPLORATION TECHNOL( Y=

WHAT WE WILL DISCUSS

+ OBJECTIVES/BENEFITS
+ SP-100 BACKGROUND
+ SCALING

+ SP-100 GROUND ENGINEERING SYSTEM STORY
- TECHNICAL CONTENT
- PROGRAMMATICS
- SP-100 REVIEW GROUP
- PRESENT SCHEDULE

« TECHNICAL PROGRESS
+ CONCLUDING REMARKS

ITP.AJS91002.2

PT7-1



- — — —EXPLORATION TECHNOLOG. . =

[ Space Nuclear Power |
QBJECTIVES CHEDUL
p . » 1993 Thermoelectric Cell Fabricated and Tested
+ Programmatic in Relevant Thermal Environmen!
Develop and Validate Technologies for Safe and ) .
Reliable Nuclear Power Sys!eru‘s to Support Lunar » 1994  NAT Fuel Pins Fabricated & in Storage
t M i issi
Outpost and Mars Exploration Missions + 1995 Restart Nuclear Assembly Test Site
« Technical + 1996 Thermoelectric Converter/Electromagnetic
Power Level - 100 + kilowatts (nominal) Em&eS;hsystem Performance Testing
Specific Mass - 30 - 50 kilograms per kilowatt
Operations - Space- and Surface basable + 2001 ggglpieéeNFﬁuaegﬁt-Uke |nlegfa}red ?se[nbiy
i . an ar Assembly Test for Lunar
Life Time - 7 years at full power Outpost Nudear Power Systems
RESOURCES* PARTICIPANT.
CURRENT STRATEGICRX . Jetad Propulsion Lé:)oralory s
. Lead for SP-100 Ground Engineering System
+ 1991 $100M + 1991 $100M Project, Responsible for Component Technologies,
« 1982  $200M « 1992 $200M Project Management
+ 1993 $250M + 1993  $250M . Lewis Research Center
« 1994 $25.0M + 1994 $250M Space Subsystems, Materials
+ 1995 $200M 1995 $26.0M Los Al National Laborat
. . + Los Alamos Nationa ratory
1996 $200M 1996  $Z7.0M Lead for Reactor Systems/Fuel Development
+ 1997  S209M « 1997 $280M
. ) . + Contractors
*Nole: This Element Provides NASA's Contribuion To The .
Ongoing NASA, DaD, DoE. SP-100 Progran. esaurces General Elecric
Shown are NASA's Contribution Only. TP AUS91.002.12

—EXPLORATION TECHNOLC. _ {=

SPACE NUCLEAR POWER
SP-100

« SP-100
- NATIONAL PROGRAM
- DOE/NASA/DOD

TO DEVELOP SPACE REACTOR POWER SYSTEMS AT THE
10 kWe to 1 MWe POWER LEVELS FOR USE IN FUTURE
MILITARY AND CIVILIAN SPACE MISSIONS

TP.RS910023
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Leﬁc PQ[‘VEE:}:;NOLOGY

DIvISION
ADVANCED TECHNOLOGY GOALS
W/kg
LEO MARS LUNAR
PHOTOVOLTAICS - 300 Wkg ARRAYS A
16 NA NA
BATTERIES - 100 W-hr/kg
REGEN. FUEL CELLS - 1000 W-hrkg - } 8 3
ADVANCED SOLAR DYNAMICS 16 8 3
< AREA
NUCLEAR REACTOR POWER SYSTEMS 25 .40 «—25-65—>
ROVERS, VEHICLES “«5-10 —>

NNASN LeRC

SURFACE POWER SYSTEM MASS DRIVERS

SPACE STATION
~ 60 MIN. LIGHT/30 MIN. DARK

LUNAR
~14 DAY DAY/NIGHT CYCLE

MARS

~12HR DAYNIGHT CYCLE
STORAGE
BATTERIES
==="> REGENERATIVE FUEL CELLS

=== NUCLEAR

PT7-3
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ADV. SOLAR vs SPACE STATION SOLAR -
MASS NUCLEAR vs ADV. SOLAR
SAVINGS _
(kg)
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— _ =—=EXPLORATION TECHNOLL _Y=

SPACE NUCLEAR POWER
SP-100

PROVIDES TECHNOLOGY FOR:

SPACE EXPLORATION
LUNAR, MARS SURFACE POWER
NEP PRECURSOR MISSIONS

SCIENCE
1- 100 kWe NEP

TRANSPORTATION
140 MWe NEP CARGO , MANNED, & MARS TRANSFER VEHICLES

. =—EXPLORATION TECHNOL\ Y=

SPACE NUCLEAR POWER
SP-100 KEY REQUIREMENTS

» SCALABLE: 10's TO 100's OF kWe

» LIFETIME: 7 YEARS FULL POWER - 10 YEAR LIFE (15)
- SAFE FOR ALL MISSION PHASES

. RADIATION SHIELDED TO PROTECT PAYLOAD

+ SURVIVABLE

« SPACE SHUTTLE AND ELV COMPATIBLE

« ~ 25 Wikg AT 100 kWe (80 Wikg)

TP.RJS91-002.4
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— — ~——EXPLORATION TECHNOLL uY=

SP-100 BACKGROUND
LeRC
SP-100
PHASE! - CONCEPT SELECTION - 1983
PHASEN - TECHNOLOGY DEVELOPMENT AND VALIDATION
PHASE Il - FUGHT DEMONSTRATION (FS q)

PT7-6



SP-100
JPLU PHASE | PROGRAM

s

MISSION
ANALYSIS AND
REQUIREMENTS

CONCEPY
RECOMMENDATION

* MEET MISSION
NEQUIREMENTS

® SAFE AND TECHNICALLY
FEASIBLE

© MANAGEABLE COST

ARD SCNEDULE

TECHNOLOGY
DEVELOPMERT

SP-100 PHASE |

+ 50 ORIGINAL CONCEPTS
+ 4 FINAL CONTENDERS
- LIQUID METAL COOLED REACTOR (LMR)

- THERMOELECTRICS
- BRAYTON
- STIRLUING

- IN-CORE THERMIONICS SYSTEM

PT7-7

PHASE N
GrovND
ENCINEERING
SYSTEm
GES)

RJS91-003.3



A,

AT END OF PHASE |

¢+ SP-100 GROUND ENGINEERING SYSTEM
. LITHIUM COOLED REACTOR

. TE CONVERSION

« UNFUEL PWC-11 CLAD

» 00kWe - 100 kWe

LeRC

« ADVANCED TECHNOLOGY PROGRAM (CSTI - HIGH CAPACITY POWER)

. ADVANCED STATIC CONVERSION
- DYNAMIC CONVERSION
- RADIATORS

- GROWTH

- FALLBACK POSITIONS

o THERMIONICS TECHNOLOGY PROGRAM

. ADDRESS UNRESOLVED FEASIBILITY ISSUES

RISH0MY

Simplified System Diagram

Subsystems: @ meecr

LIQUID METAL COOLANT @ s

@ oot Troapent

SECONDARY @ Reocter st § Contrel
G Power toonrion 173
© Montisjocten
@ Power Contitonig
© Sresmrsiseciusicst

(1] 11
CONTROL & —
SAFETY ROD | WASTE
DRIVES | e :
&
- | vERTERS
REACTOR
CONTROLLER ®
_ By
k i g J
HEAT TRANSPORT +YY- N
POWER SHUNT ASTE
CONDMONING [—>>1  RADIATOR ~ |~ = —
HEAT
" O]
POWER TO LOADS
®» 12301 9



&l =— - —EXPLORATION TECHNOLC (=

SCALING

ITP.RIS91-002.7

Design Scalability

% hwe LOW POWER wmuTARY M33ION A /S0 0 Ky ~ L\J//’%

¢ Wl

s awe SLECTRC suosuLsion A 2 2 00 €3

il
1L
1908 AWe STERLING COMVERSION %’-

:'I},‘:c:?RJ é{/ Cu’/é
SP-100 Technologies Applicable  7¢ .3 0D
Over Wide Power Range nssar

PT7-9



& MASS SENSITIVITY TO T/E TECHNOLOGY STATUs  NASA

5000

4000

System
Mash

2000

1000

——— POWER TECHNOLOGY DIVISION
SPACE NUCLEAR POWER

/2

Baseline Technology

Z=.8.'y

]

-

7 \
Year 2000 Technology (Z = 1.4)

]

« Free piston Stirling converters

- Advanced thermal management

» Power management & distribution
- Environmental interactions

40 50 60

Power Output -

70 80

kWe

High Capacily Power

100
80

Specific 60
Power W/kg

40
20

« Thermoelectrics
» Materials development

PT7-10
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SP-100 APPLICABILITY TO
LARGE SCALE NEP
5-50 MWe

RJS91-003.11

wen

MAJOR PARAMETERS CONSIDERED AND APPROACH USED

POWER RANGE CONSIDERED: 200 kWt TO 200 MWt

REACTOR LIFETIME: 10 YEAR BASELINE; LONGER LIFETIMES ARE
FEASIBLE

FUEL/BURNUP: UN/< 10 ATOM %

COOLANT: LITHIUM OR OTHER LIQUID METAL FOR

PRIMARY HEAT TRANSPORT; - 1350K
SECONDARY LOOP CAN BE LIQUID METAL,
GAS, HEAT PIPES OR TBD

STRUCTURES: REFRACTORY METAL; CAN USE HIGH
TEMPERATURE ALLOYS SUCH AS 617
DEPENDING ON MISSION AND EXTERNAL
ATMOSPHERE

AJS91-000.8

PT7-12



COROPT-S CODE CAPABILITIES

0 SP-100 NUCLEAR SUBSYSTEMS OPTIMIZATION CODE

0 USES FIRST PRINCIPLES TO SIZE REACTOR, SHIELD, PRIMARY HEAT TRANSPORT

SYSTEM AND REACTOR I&C SUBSYSTEMS

0 DEMONSTRATED CAPABILITY TO SCALE SP-100 CONCEPT FOR A WIDE RANGE OF

REQUIREMENTS AND CONCEPTS
TYPICAL OPTIMIZED PARAMETERS

CORE HEIGHT

PIN DIAMETER

PIN P/D RATIO

CLADDING THICKNESS.
PLENUM LENGTH

REFLECTOR THICKNESS
FUEL PELLET/CLADDING GAP

CONSTRAINTS

PEAK BURNUP

F.G. PRESSURE STRAIN
FCMI+FG PRESSURE STRAIN
MAX FUEL TEme

REACTOR AP

REFLECTOR WORTH

0 SIZES AND PROVIDES MASS ESTIMATES IN SENSITIVITY OR OPTIMIZATION MODE

10MW

Number of {ull assemblies = 43
Number of partial assemblies = 12
Assembly pitch = 5.18 cm

Vessel ouler radius = 21.6 om
Reflector outer radius = 29.4 cm

[] Core Zone 1 [%) Bypass Coolant
[ core zone 2 Il Vessel
Core Zone 3 Il Racial Reector

CORE CROSS SEC 11ON SCHEMATIC

,
!
\
-
5
@
» .'
(34

\
: !
g0
S AR
4 ol
AL )
B
)
&
! iy
5
:
‘. )
iy 1
-4
T
;
A€
e
'l
\\:

RijE

NNASNA

S50MW
Number of 1ull assemblies = 73
Number of partial assemblies = 12
Assembly prich = 8.03 om
Vessel outer radius = 40.9 cm
Reflector outer radius = 56.4 cm

A



REACTOR R-Z SCHEMATIC

1

AEACTOR 8 SHIELD LENGT™
REACTOR LENGTH

&L FORWARD COOLANT PLENUM

FORWARD ATTACHMENT RE GION
= FISSION GAS PLENUM {SPACERS)

St FISSION GAS PLENUM [SPRINGS)

| ol coouanT YO REGION
1 Be
| DEPLETED LM

ouct
COOLANT BYPASS W  SoMrw  200MW
VESSEL REACTOR &
i g REACTOR CORE SHELDLENGTM(C) 254 310 &a2
. RADIAL REFLECTOR REACTORLENGTH(CM) 198 2¢8 378
> OVERALL OIAMETER(CM} 218 2% 408
AFT GRID PLATE

.

A— TUNGS TEN
o—A—NAYUNALLH

-

)
Mass,
metric tons
»

OVERALL DIAME TER

REACTOR SUBSYSTEw MASS vs LIFETIME

Power Level, MWt

PT7-14
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600
500

SYSTEM MASS, 400
MT

300
200
100

0

SYSTEM MASS vs OUTPUT POWER LERC
— — O
-

C _, RANKINE
r \\\ 6:C
- ~+ 30
' O T WO N T S T |
0 10 20 30 40 50
OUTPUT POWER, MWe
NNASA

DEVELOPMENT NEEDS

NO TECHNOLOGY DEVELOPMENT ITEMS BEYOND GES

KEY FEATURE TESTS NEEDED

CRITICAL EXPERIMENT

SLIDING REFLECTOR

SCALED-UP CONTROL DRIVE

SCALED-UP PUMP

FLOW TEST

Lr7H NUCLEAR HEATING TEST

EXTEND FUEL AND MATERIALS IRRADIATION DATA BASE

PT7-15



SDIO IEG STUDY

+ SP-100 TECHNOLOGY FOR MMWe APPLICATIONS
+ CHANGE CLAD ——> INCREASE TEMPERATURE [ v a k

« PERFORMANCE EQUIVALENT TO PROPOSED LMC
REACTOR SPECIFICALLY PROPOSED FOR
ADVANCED CONVERSION

==EXPLORATION TECHNOLO\ =

SP-100 GROUND ENGINEERING
SYSTEM STORY

TP.RJS91002.0

PT7-16



A\ LeRC

SP-100 GES PROJECT

PHASE Il PROGRAM OBJECTIVE

* DEVELOP AND DEMONSTRATE BY 1992 THAT THE TECHNOLOGY IS READY

FOR FLIGHT APPLICATION OF 10 TO 1000 kWe SPACE REACTOR POWER
SYSTEMS FOR FUTURE MILITARY AND CIVILIAN SPACE MISSIONS.

/AN
A . THE SP-100 GES PROGRAM LeRC
OBJECTIVE

* CONDUCT THE ENGINEERING DEVELOPMENT AND GROUND SYSTEM TESTING OF A

REACTOR SPACE POWER SYSTEM FOR POWER LEVELS OVER THE RANGE OF 10's TO
100's OF KILOWATTS ELECTRIC.

* SUBSYSTEM TECHNOLOGY OF THE COMPLETE POWER SYSTEM (DEMONSTRATE
COMPONENT LIFETIME)
* REACTOR AND SHIELD
= THERMOELECTRIC POWER CONVERTER
- HEAT TRANSPORT
- HEAT REJECTION _
= INSTRUMENTATION AND CONTROL
= POWER CONDITIONING, CONTROL, AND DISTRIBUTION
- STRUCTURAL

* TWO MAJOR PERFORMANCE TESTS (DEMONSTRATION SYSTEM PERFORMANCE)
= NUCLEAR ASSEMBLY TEST (NAT)
= INTEGRATED ASSEMBLY TEST (IAT)

* SYSTEM EFFORTS
* MANAGEMENT
- SYSTEM DESIGN
* RELIABILITY AND QUALITY ASSURANCE
- SAFETY
SYSTEM STUDIES (SCALEABILITY, MAINTAINABILITY)

RIS-91004 13

PT7-17



@ Test Assembly

PHTS ELECTAICAL HEATER

4 .' =
b EXPANSION
TANK VENT
VACUUM VESSLL
SPOOLPECE | A
i) 3 ‘ o Para
[ ) ‘ A

UPPEA INTEANAL
FACILITY SMIELD

(o _ STRUCTURAL
Q SUPPORT

ACS FLOWMETER ‘
W13 FLOWMETE CTAEAMING

M
INLET HEADER suicLo

BAFETY ROO
DAIVE MECHANTIM
REFLECTOR
VACUUM PORY (Typ.| DRIVE MECHANISM

\ 1- LOWER INTERNAL
OUTLEY HEADER AR ML) saciny sueo

LOWER VACUUM VESSEL FLIGHT SiLLD
REFLECTOR PANELS

QUARD VESSEL REACTOR

PT7-18



ENERGY CONVERSION ASSEMBLY SEGMENT

JPL SP-100 SYSTEM INTEGRATED
Los Alamos ASSEMBLY TEST (IAT)
Ricra T
FLIGHT
:::o'om SHELD \\ ' FLIGHT STRUC TURE
. ACL LOOP \ iy N
y (2) MUX UNITS ., iX T
ty——wmocKuP 9 FT CHAMBER
(4) TEM PUMPS :‘: . EXTENSION SECTION
SIMULATED R
surrom REEEe A
&% b V&
RADATOR - -
SIMULATED
/ rapiston
FLIGHT -

Sy = 1N
MOCKUP 19 FT TEST v ST . a
CHameern B D 'L
SECTION 8-8 LT I
L) J’l""-
RADIATOR |

PANELS

s L
\ \ -'J
'l'l»r¥l'll ‘L)
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’&\ LeRC

BASELINE COSTS (M$)
FY g7 88 89 90 91 TOTAL
122 153 148 115 77 641

* PROGRAM SCOPE/SCHEDULE ADJUSTMENTS HAVE BEEN REQUIRED AS RESULT
OF CONTINUED BUDGET SHORTFALLS

GENERALLY - STRETCH NAT

- STRETCH/ELIMINATE SPACE SUBSYSTEMS EFFORTS .
- INCREASE OVERALL BUDGET

FY g7 8 89 90 |, 91

|

|

|
PLANNED 80 160 165 107 | 91

1

|

ACTUAL 64 94 T7 78 ' 50
92 9 9
RUNOUT 103 112 117 o
&-“ LeRC
SP-100
PROGRAM REVIEW GROUP
1989 - 90

RIS91Q04 19
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SP-100 PROGRAM
REVIEW GROUP
PRESENTATION

I

June 15, 1990

SP-100 PROGRAM REVIEW

il

GROUP FINDINGS _ |

« There is a clear need for Space Reactor Power
- Enabling for NASA Space Exploration Initiative
(earliest projected NASA application)

- Enhancing for SDIO and USAF mission
(USAF evaluating future role of space reactor power)

. Top level SP-100 requirements are still
appropriate
- Power range (10's to 100's kWe)
- Lifetime (7 years full power)
. Decision to select thermoelectric conversion
still appropriate

PT7-21
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Sremprt———

== SP-100 PROGRAM REVIEW
~——= GROUP FINDINGS

(contihued)

- P e e A g —

« Significant progress has been made by the T
SP-100 Program "

- Hardware being fabricated R

- Major advancements in thermoelectrics and fuel ~————

rod construction
- Technical areas of concern in reactor and converter —————""_
being addressed o
- Funding shortfalls are the principal threat to T
balanced technical progress A
—— SP-100 PROGRAM REVIEW
— GROUP FINDINGS
(contmued)
. There is a major deficiency in the current ——
program e
- Development effort is limited to reactor and ————
converter —
- Key overall system development not being e
addressed ' —— e
- Key technical areas in non-nuclear space —TTT
subsystems not being addressed (e.g., heat ————
rejection) ————

PT7-22



e

1991 REDIRECTED FLIGHT SYSTEM QUALIFICATION

« RE-ORIENT TO COMPONENT DEVELOPMENT FOCUS
« DELAY NAT

« DEMONSTRATE EARLY COMPLETION OF NUCLEAR AND SPACE
TECHNOLOGY READINESS - 98

« EARLY CONVERTER/PUMP ASSEMBLY TEST - 96
« REDESIGN OF NUCLEAR ASSEMBLY UPDATE
« LEAST SENSITIVE TO FUNDING DISRUPTIONS

RJS91-000.7

SP‘1 0\.
JPL FLIGHT SYSTEM ,
Los Alames QUALIFICATION PROJECT @

APPROACH | e
SP-100
£SO PROJECT
TECHNOLOGY I ]
m r l CcTL J r CPAT I
X [
o SAFETY G. seP CONVERTER
o LIFETIME ) ouCTS GAS SEPARATOR
© RELIABILITY SENSORS THAW COMPONENTS
« SURYIVABIUTY SELLOWS
¢ SCALABIITY BAYONET
L AcCCU
RAD
SYSTEM .
S o]
o PEFORMANCE 1
 INTERFACE 1 REACTOR REACTOR (ELECTRIC) |— CONVERTER
\ e Esor
D
e i,"'"’ MECHSTR
OUALIFICATION —
© INTERFACE COMPONENTS -2';"!.-
L Penromaavce { [ ] [oowmom) Sares
o ENVIRONME AUCTURE FUEL P
ST COA/SDA
SMIELD
pUMP
PCA
RAD PANEL o
ETC. 1o

PT7-23



SP-100 FLIGHT SYSTEM QUALIFICATION
PROGRAM SUMMARY SCHEDULE

FISCAL YEAR
ACTIVITY
M 92 k2] 94 s 9% 97 9% 29 00 01 02
GFS COMPONET
DESIGN REQ. Yo -y
ASIY AND
MATERIAL AND oewon '-Wumﬂl COMPONE WY TESTS
COMPONENT LOOPS AN
e 10 [
roscrtL TACILL y7ARnAT COMVENTER TCA $0e0er L]
POWER CONVERSION et
SUBSYSTEM AvA| \v4 Yi_ v t = \v4
DEVELOPMENT - [ conoes l [TTXT]
w wcx LERJOMT  RADIATOR ne
HEAT REJECTION $
SUBSYSTEM ¥ = V! X
DEYELOPMENT [ X
hur Cvtt oy 360 [maw oribenr .
-y LL ovCY [}
NUCLEAR
SUBSYSTEMS v viv__ v rest
DEVELOPMENT T T ue
o Mﬂﬁluo\:‘
b J——.
CONVERTER/PUMP Y & 4{ O e ceemare | matcounere
ASSEMBLY TEST - | r"!
{ nEsIANT PO ron e " -
NUCLEAR ] vy $ 4"'
ASSEMBLY TEST — X Y v; S —— {™
1
STRUCTURaL.
FLIGHT SYSTEM "47 WJ7 TN THT gw G
QUALIFICATION

\
A’J\

= $P.100 GES PROGRAMSTATUS & opTions ~~ L€RC

* GES PROGRAM
- THRU FY90 $320M HAS BEEN SPENT -
- ~$240M FOR NUCLEAR SUBSYSTEM
- ~$ 80M FOR SPACE (NON-NUCLEAR) SUBSYSTEM

* CURRENT FSQ PROGRAM
- WITH EXPECTED (PLANNED) ANNUAL FUNDING RATE A TRL 6
. CAN BE ACHIEVED IN 2001 WITH TOTAL FUNDING OF $1284M THRU FY2001
- $1064M FOR NUCLEAR SUBSYSTEM
- $ 220M FOR SPACE (NON-NUCLEAR) SUBSYSTEM

* OPTIONAL ACCELERATED PROGRAM
- CANACHIEVE A TRL 6 BY 1997 FOR $1145M

FY 92 93 94 95 9% 97  TOTAL
REQ'D FUNDING RATE 125 170 225 235 220 170 1145
PLANNED FUNDING RATE 103 110 115 123 130 110 691
ADD'L FUNDING NEEDED 2 60 110 112 9 60 454

RIS91000 4
PT7-24



FSQ PROGRAM COST

B e e O ey

s
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1906 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1938 1999 2000 2001 2002

ATM4
E AL L))

==EXPLORATION TECHNOLL {=

FISCAL YEARS

ey, 240
g oM

Ji

TECHNICAL PROGRESS

TP.RIS91-001.4
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&

GFS Design Options

New Features
HEAT TRANSPORT 0
* Smaller pumps PCC&D
* Improved thaw « Advanced packaging

SHIELD

¢ S.S. vessel
¢ Less tungsten

POWER CONVERSION
* No design changes

STRUCTURE

» Electronics Integrated in
mission module

REACTOR HEAT REJECTION
* 3 safety rods ¢ C-C armored heat pipes
e Sliding reflector * Double duct .
control RisC + Aft folding radiator
¢ Optimized fuel pin * Neutron monitor

¢ Axial reflector

¢ Optimized hex core

NEST structure
SJPL
Les Alames F%'\:iucgrylg%gags

AUXILIARY COOLAI‘CT LOOP/NaK TRACE LINE/SEQUENTIAL THAW (ACT)
AUXILIARY COOLANT LOOP/BLEED TUBE

BLEED TUBE THAW CONCEPT

HEAT PIPE THAW CONCEPT

SEQUENCED ELECTRICAL HEATER CONCEPT

PT7-26
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SP-100 GES PROGRESS

+ GENERIC REFERENCE FLIGHT SYSTEM DESIGN

» SUBSYSTEM AND COMPONENT SPECIFICATIONS

« MATERIALS, PROCESS AND FABRICATION SPECIFICATIONS

« VALIDATION PLAN
« EIS, FONSI, ETC., FOR FACILITY

-
/

RJS91-003.14

Nuclear Assembly Test Progress

Conceptual
Design

Preliminary

@ Prototypicality Design
@ Functions
@ Sizing
@ Concept ® NPOR ’
Amrangement @ Preliminary Mfg.
Component and
Design Review © NFDR
o Final Assembly | irstatiation
Component and
Design Review © Materials Test
® Components
Manufscture -
©® Assembly
@ Test
® Ship

PT7-27
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$P.100

»‘ GES TEST SITE
o~

Contsinment Dump Heat
Building Vecuum Exchanger
'f‘ PN Vessel
v'
: ).\';/ .

e

Control Room Reactor
& Auxiliaries 9es oue 19

@ SP-100 Key Technologies

® T/E MATERIAL
® ELECTRICAL INSULATOR
© BARRIER CLADDING © COMPLIANT PAD
& UN FUEL e CELL ELECTRODES
® AUTONOMOUS CONTROL e CELL PERFORMANCE/PRODUCTION
e MULTIPLEXER o SYSTEM THAW _ R
® LiM SHIELD — .
e CONTROL DRIVES AND . 3
BEARINGS SN .
® AEFRACTORY MATERIALS ) .
SAFETY . /

® HEAT PIPE PERFORMANCE/
PRODUCTION

® FLEXIBLE JOINT

® GAS SEPARATOR

PT7-28



@@ SP-100 GENERIC FLIGHT SYSTEM
== NUCLEAR SUBSYSTEM KEY TECHNOLOGIES

il Z . HONEYCOMB
STRUCTURE
 pem .i‘ ia TRE
-"- ‘ / i . 5_*5:11*_*@,
LD Atk V98 :
S wumen [ [ R AUXILIARY, COOLING
@ I ASHES N S =
Primary O ROD A
I CONTROLLER m D " reiey ASSemaLY {p Qé
{ REFLECTOR REACTOR
CONTAOL SHIELD
DRIVE

»-11102

SP-100 Uranium Nitride Fuel

® Process Developed at Los Alamos National
Laboratory

® Meets Exacting GE Specifications
- Chemistry
- Dimensions
- Density
- Microstructure
— Quality Assurance

e Pellet Production for Nuclear Assembly Test
Nearing Completion

NSS 053 9052024
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UN Fuel Manufacturing
at Los Alamos

NSS 032 9032072

ORIGINAL FRQF 12
OF POOR QUALITY
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L0S ALANOS NAT FUEL PRODUCTION

(LANL Status)

« Total NAT fuel pellets required

. Total NAT fuel peliets currently fabricated

. Total fuel pellets requiring resintering

« Fuel pellets currently resintered

49,000 - 97 % enriched
~ 6600 - 89 or 93 % enriched (depends on GFS updated design)

44,400 - 97 %
zero - 890r93% (93 % enrichment feedstock available)

44,400 - 97 %

9700 - 97 %

&

-

SP-100 Materials Technology

»

o Demonstrated Fabricability of Re Lined Nb-1Zr (Barrier) Fuel Cladding
o Demonstrated High Creep Strength of Barrier Cladding

o Demonstrated Effectiveness of Chemistry Control and/or Heat Treatment
g Preventing Li Attack of Nb-1Zr Welds

e Demonstrated High Temperature Strength of Controlled Chemistry Nb-12Zr

o Demonstrated Dynamic Friction Properties of ZrC and HfC Hardfacings
Under High Temperature (1600 °K) High Vacuum (10 Torr) Conditions

gt b pwc/)

PT7-31



My ¢ N "y

@

22 TUBES OF QUA

VACUUM HEAT TREAT FURNACE AFTER BEING

LIFICATION

BATCH 1 IN THE

DRAWN TO FINAL SIZE

Fuel Pin Supporting Data

CLAD TEMPERATURE, K

1800 T T
1600 |- -
Q._-.n'l [ ] - ® ® 0O = a (@) / (s o]
Bapt B . H v
1400 - ﬁ- - - o8 ®r—-@-——___ . .-, @ o D
“* Gven ] ®
- - ' ,l
B B | "m0, O __--- v~ s g o
- ot o - o
* - i".‘ #
1200 + 4 . Operating Range
- "
“ LITERATURE
1000 1 LITERATU ]
a SP-100 TEST
® COMPLETED TEST
800 1 1
0 6

BURNUP, ATOM %

P17-32




Materials Test Loop

N Lie ANl

PT7.23 OF POOR QUALITY



® Measured Overall Pressure Drop

® Measured Coolant Flow Distribution
Within Reactor Core

o Verified Orifice Sizing Predictions

® Investigated Reactor Hydraulic
Characteristics:
- Entrance to Annulus Losses
- Annulus to Core Entrance Losses
- Exit Plenum to Reactor Outlet
Losses
- Effects of Inlet Pipe Blockage
on Coolant Distribution

o Tests Complete

NSS 033 9052023

@

Control Drive Devélapment

Key Feature
Test

Component

© SRDA SCRAM Tests
Shutdoww Sub-
® ACDA assembly

Operation @ Electromagnetic
and SCRAM Coils
® Safety Rod ® Actustor

Test P

7

-~

Prototype I
Tests

Separstion Beasrings ® Drive Motor es
Joint ® Motor, Clitch @ Drive Actuator
Brake and ® Hinged Endurance
Position Reflector ® SRDA(2) Tests
Sensor @ Safety Rod ® RCDA(2)
@ Spherical Driveline
Self-Align. ® SRDA()
Bearings ® RCDA (2)
® Safety Rod Slider
Bearings

NSS 070 905209
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High Temperature Tribology

1 v
Mo/HIC-Nb-12r

i ] }
—
Z
W
2 —ﬂ
™
W
[=]
(8]
Zz 4 -
o
[<3
o
£

2 | {

[

] 000 1200 1800 2400 3000
TIME, sec NS5 056 9092023

Control Drive Self-Aligning Bearing Test

NSS 057 9052026

Qb -
Or POUR QuALITY
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NSS 038 9082027

Multiplexer Development

Gamma: Neutron:

® No JFET Damage ® 40% JFET Damage
® 50°C @ 50°C
@ Dose Acceleration 15:1 ® Dose Acceleration 120:1

Acceptable Performance Expected at Lower Dose Rates & Higher Temperatures

NSS 083 9032032
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JPL SPACE SUBSYSTEM
Los Alames TECHNICAL CHALLENGES

HEAT TRANSPORT SUBSYSTEM
* TE-EM PUMP MASS AND EFFICIENCY
* TEM PUMP TE CELL

POWER CONVERSION SUBSYSTEM
¢ HIGH VOLTAGE INSULATOR
+ COMPLIANT PAD
« ELECTRODES
¢ TE CELL ASSEMBLY
« IMPROVED SiGE

HEAT REJECTION SUBSYSTEM

e HEAT PIPE
¢ RADIATOR DUCT THAW
-PL TECHNOLOGY CHALLENGES A
Los Alamed
SP-100
RTG _
\Hﬂzoy HEAT EXCHANGER, 1100°C
TUNGSTEN GRAPHITE
ELECTRODE
INSULATOR\
SILICON ALLOY ELECTRODE | 1000°C . o
i Ill'«';gm»mxggﬂﬂ 1|
- - TTTTTI1
SiGe SiGe NiP w:::bfem PIN|P /
|1 1]] M
300°C T L L
N COLD-SIDE
TUNGSTEN HEAT EXCHANGER,
ELECTRODES 600°C

R

pP37-37



Power Converter Cell Configuration

Power Converter Cell
Assembly Assembly

“
W

- High Voltage Insulation
<e~ Hot Side Compliamt Pad

> Hot Side Electrodes

<' Thermoelectric Elements
- Cold Side Electrodes

v Low Voltage Insulator

B Cold Side Compliant Pad
J "‘ ﬂiyh Voltage insulator

SPAC 02950-520-03

High Voltage Insulator

Accelerated Life Tests Have Demonstrated
Substantial Performance and Life Margins
~ High Temperatures (Up to 1670°K)

- High Voltage Gradient {4 kV/cm)

~ Long Times (Up to One Year)

Compatibility With Li Cooled Systems
Proven by Analysis and Test

Mechanistic Degradation Models
Developed and Validated

Essential Technology Demonstrated

SPAC 032 %0820 W

PT7-38
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Compliant Pad

it

Face-

";.&; sheet

Filament

Bundles

<y Fabricability Demonstrated
~ Facesheet Materials/Thickness
- Filament Diameters/Density
- Pad Thickness

O Bond Strength Demonstrated

® Compliance Demonstrated

® Design Optimization Proceeding

SPAC A2 W 5NN

PT7-39

@ Space Subsystems
Ao Cell Assembly
Cell Development Road Map

PD-1 PD-1
ASSEMBLY »| PERFORMANCE | PD2 > TA DEV > TCA
VERIFICATION VERIFICATION
March 1969 September 1969 March 1991 October 1992
Verfied F abrication Verfled Prediciabiity  Test st Full Prototypic Prototypic Prototypic
and Assetrbly of Periormance Prototypic Hot Side  Configuration Canfiguration Configuraiion snd
Processes Temperaiure Operating
Demorstirsied Verlly Perforrance First Array Tosts Conitions
Demonstrated Swuchral Integrity Closer lo Prolotypic
Siructural integrity Desgn Feaures Demonstration of CellLRe Tests “omvenetPurp
Lessons Learmed Technology Features ‘oot
Show and Tel for PD-2 Verly Pedormance  of GFS Design
Asray Lie Tosts
Hot Side
Temperahre
Limded by Braze



First Generation Cell In-Gradient Test

Power watts)

0.500 0.600 0.700 0.800
Operating Voltage (volts)

SPAC 620 %0 52006

@ Potassium Heat Pipe Development

PT7-40



J-h

HEAT REJ._ _TION
Loo Alamos SUBSYSTEM

O POTASSIUM HEAT PIPE ACCOMPLISHMENTS

- DEVELOPMENT OF ETCHED TITANIUM FOIL WICKS (PREFERRED TECHNOLOGY)
-~  DEVELOPMENT OF SINTERED TITANIUM WICKS
- DEMONSTRATED PERFORMANCE OF NB12r HEAT PIPES WITH FOIL WICKS

- PRELIMINARY DEMONSTRATION OF RADIATOR THAW CONCEPT,
DUCT WITH BLEED HOLES

w~ earn ®vem

2 98¢
ANuNWIN A



TEM Pump Magnetic Bench Test

0T T
= — Analysis .
Z 0.15
%)

c
Q
(@]
3 0.10
e
2
®
S 0.05
L]
b
0.00

Axial Location

N3S 0% 9032029

=—==EXPLORATION TECHNOL. .Y=

SPACE NUCLEAR POWER - SP-100
SUMMARY

* IMPACT:
- PROVIDES ENABLING TECHNOLOGY FOR LUNARMARS BASES

- POWER SOURCE FOR 1- 100 kWe NEP FOR EARLY 21st CENTURY SCIENCE MISSIONS
NOW BEING CONSIDERED

- REACTOR TECHNOLOGY FOR MMWe NEP SYSTEMS FOR MARS CARGO AND PILOTED
SPACE EXPLORATION MISSIONS

+ USER COORDINATION:

- SEI TECHNOLOGY REQUIREMENTS ARE BEING DEVELOPED COOPERATIVELY WITH CODE RZ.
(NUCLEAR POWER IDENTIFIED AS A HIGH PRIORITY AND ENABLING BY CODE R2Z)

- PLANETARY SCIENCE REQUIREMENTS ARE BEING DEVELOPED COOPERATIVELY WITH OSSA
AND WITH JPL. (NUCLEAR POWER RATED AS A HIGH PRIORITY BY OSSA IS ENABLING FOR
MANY MISSIONS)

+ MAJOR TECHNICAL PROGRAMMATIC ISSUES:
- GENERIC TECHNOLOGY DEVELOPMENT - MEETS ALL POTENTIAL USER NEEDS

- ABSENCE OF SPECIFIC APPROVED PROGRAM USING NUCLEAR POWER CONFUSES FIRM
TECHNOLOGY READINESS REQUIREMENT DATE

TP.RJSS1-002.11
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CONCLUDING REMARKS

+ SP-100 IS THE NATIONAL NUCLEAR SPACE POWER PROGRAM
- NATIONAL LEVERAGE

« PROVIDES A WIDE RANGE OF OPTIONS
- FEW kWe's — MMWe

« MAJOR IMPACT ON EXPLORATION MISSION

« EXCELLENT TECHNICAL PROGRESS
- FUNDING DIFFICULTIES

« FULL-UP PROGRAM
- DEMONSTRATES USER SUPPORTALEVERAGE
- TECHNICAL SUCCESS

MP.RIS9 002,10
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—EXPLORATION TECHNOLOGY =

INTEGRATED TECHNOLOGY PLAN
FOR THE CIVIL SPACE PROGRAM

HIGH CAPACITY POWER

BY

R. J. SOVIE

Deputy Chief, Power Technology Division
NASA Lewis Research Center

ITP EXTERNAL REVIEW

JUNE 27, 1991

“——\———“
NNSN

EXPLORATION TECHNOLUL Y=

|HIGH CAPACITY POWER]

WHAT WE WILL DISCUSS
+ OBJECTIVES/BENEFITS

+ MAJOR MILESTONES/SCHEDULE/BUDGET
- BASELINE

» TECHNICAL PROGRESS

+ FULL-UP PROGRAM

+ A WITH AUGMENTED PROGRAM

» ISSUES/CONCERNS

« CONCLUDING REMARKS

ITP.RIS91-001 2
PT8-1



— EXPLORATION TECHNOLUGY =

CSTI HIGH CAPACITY POWER

« PROVIDE FOR INCREASED POWER, RELIABILITY AND
LIFETIME FOR NUCLEAR SPACE POWER SYSTEMS
USING THE SP-100 REACTOR, THROUGH ADVANCED
TECHNOLOGY DEVELOPMENT IN STATIC AND DYNAMIC
ENERGY CONVERSION SYSTEMS, THERMAL AND POWER
MANAGEMENT SYSTEMS AND MATERIALS

ITP.RJS91-001 3
- b
(=h(]7] EXPLORATION TECHNOLLuY=
HIGH CAPACITY POWER *
OBJECTIVES SCHEDULE
+ Programmatic + 1992 - EOIM-3, STS-46 Flight Experiment
Develop and Demonstrate Low Mass, Reliabie Long-Lived + 1993 - Thermoelectric Multicouple, Z = .85
Power Conversion Technology for Spaee Nuclear Reactor + 1993 - Stirling, 1050K, 25 kWe/Cylinder, 25% eft.
Power Systems + 1893 - H20 Heat Pipe/Radiator Moduie Demo
. Technical + 1894 - 600K Radiator Segment Demo
« 1995 - Mfg. Specs. for Z = 1.0 Thermoelectric
Temperature - 1050K Stirling 1996 - Stirlin ; °
. - g, 1050K, 25 kWe/Cylinder, 30% eft.
- 1300K Stirling and Thermoelectic + 1997 - Endurance Test, 1050K Stirling
Power - Stiding at 25 kWe/Cyl - 50 kWe Modules + 1999 - Stirling, 1300K, 25 kWe/Cylinder, " *% eff,
Lifetime - > 7 years
BESOURCES (M) CURRENT  STRATEGIC CoF PARTICIPANTS
¢+ 1991 10.4 10.4 0 « Lewis Research Center
+ 1992 10.6 10.6 0 Responsibiiity for Project Lead
+ 1993 45 1.1 0
» 1994 46 16.8 (] « Jel Propulsion Laboratory
+ 1995 48 230 6.0 Responsibiity for Thermoelectncs
+ 1996 5.0 30.5 5.0
. 1997 5.2 230 0
+ 1998 - . 50
+ 1999 - - 10.0

+Noke Ths Element 1s imegraled Wih Deveiopment of the SP-100 Space Nucledr
Reaclor Program ITP91-002.2

PT8-2
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C-90-48011

~——— POWER TECHNOLOGY DIVISION -~

SPACE NUCLEAR POWER
High Capacity Power
100 —
Goal

80 j—

mew;g or
40
20 — GES

0 11 1 |

+ Free piston Stirling converters

» Advanced thermal management

« Power management & distribution
 Environmental interactions

« Thermoelectrics

« Materials development

0 200 400 600 800 1000

ASROSPACE TEGHNOLOGY DIRECTORATE ——J

A, 3 HIGH CAPAL.TY POWER

WHY NUCLEAR STIRLING ?

NUCLEAR-STIRLING IS AN ENABLING TECHNOLOGY
PROVIDING LOW MASS, HIGH SPECIFIC POWER ELECTRICAL

GENERATING SYSTEMS FOR THE MOON AND MARS

LUNAR BASE POWER SYSTEM
IMLEO COMPARISON

+ SAVES 1300 HLLVs vs SOA SOLAR PV

+ SAVES 16 HLLVs vs ADVANCED SOLAR PV
+ REQUIRES ONLY 1 LTV TO LUNAR SURFACE

kWe NUCLEAR-STIRUNG LUNAR POWER SYSTEM

JFNY1-001 4

PT8-3
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MISSION APPLICATION

+ HIGH CAPACITY POWER PROGRAM

. SUPPORTS LUNAR/MARS BASE
- NEP SCIENCE, CARGO
. DYNAMIC SYSTEMS FOR SPACE PLATFORMS, DIPS
e - HEAT REJECTION FOR ALL APPLICATIONS
. PROVIDE GROWTH AND BACK-UP FOR SP-100
- IMPROVED MATERIALS
- LOWER TEMPERATURE

- INCREASED LIFETIME

CA: HIGH CAPAC.I'Y POWER

IGH CAPACITY POWER BASELINE PROGRAM

—_— —FXPLORATION TECHNOLL U Y=

ITP.RJS91-001 10

NNASA

+ FREE-PISTON STIRLING - 1050 K, 25 kWe/CYLINDER, 30% EFF, 7 YEAR LIFE
(PRESENT - 650 K, 12.5 kWe/CYLINDER, 20% EFF, 1000 HR. LIFE)
« THERMOELECTRICS - Z2=.85x10-3K:1MULTICOUPLES/CONDUCTIVELY COUPLED
(PRESENT - Z = .67 x 10-3K' MULTICOUPLES/RADIATIVELY COUPLED)
+ THERMAL MANAGEMENT - 500 - 550 K RADIATOR SEGMENT TEST - STIRLING COLD END
(PRESENT - PAPER DESIGNS, COMPONENT PRODUCED, NO RADIATOR TESTS)
+ POWER MANAGEMENT - RAD HARD, HIGH TEMP SEMICONDUCTOR AND MAGNETICS COMPONENTS
(PRESENT - RADIATION DEGRADES SEMICONDUCTORS, HIGH TEMPERATURE
DEGRADES MAGNETS)
+ SYSTEM DIAGNOSTICS - FIBER OPTIC POWER SENSOR FLIGHT QUALIFIED

{PRESENT - POWER SENSORS EMI SENSITIVE, FIBER OPTIC CURRENT SENSOR

BREAKTHROUGH)

+ ENVIRONMENTAL INTERACTIONS - MODELS/EXPERIMENTS DEMONSTRATING LUNAR/MARTIAN/SPACE PLASMAS

COMPATIBILITY OF SPACE POWER SYSTEMS

(PRESENT - NO MODELS AVAILABLE - INITIAL EXPERIMENTS ON MARS

ENVIRONMENT BEGINNING)

PT84

2
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HIGH CAPACITY POWER - BASELINE PROGRAM SCHEDULE

|y T0SP100CES PROGRAM

[ PWC-11 DEVELOPMENT FOR 1300K STIRLING AND REACIORS >
MATERWLS
MATERIALS DEVELOPMENT L_REFRACTORY COMPOSTTE DEVELOPMENT FOR STIRUNG STRUCTURES >
[ Gl COMPOSITES FOR RADIATORS G4 Cu COMPOSITES FOR RADATORS >
coNTAACT] | $rgm? § kgm? 450K 600K 450 600K
THERMAL RADWATOR awaro | Jcowron| | S8 | | weoreat || sagm |t i
MANAGEMENT DEVELOPMENT | HeOHEAT | DEMO SYSTEM [ | PIPEDEMO| | RADSEG SYSTEM
PIPE DEMO TESTS €515
STIALNG PRELIM DESIGN 1050525 SSPC SSPC 050K
J | COMPONENT TEST 1 COMPONENT 050K | 105K SSPC
DEVELOPMENT | ENGINE COMPLETED | |DEVELOPMENT TEST SYSTEM | |ENDURANCE
TEST TEST
THEORETICAL MODEL S DEVELOPED FOR DESIGN AND LOSS UNDERS TANDING OF FPSE >
POWER
CONVERSION o[8[ s [ ot | o | o3 | wu [ e [ % | o |
CRYSTAL NFG
GROWTH 1 sPEcs | [Z=088 Te
TE DEVELOPMENT |oy g Type 25085 b 05 bt e e 2510
o DEMO } | sp 0o TESTS DEMO
[ THEORETICAL MODEL 5 DEVELOPEDTO OPTMIZE SGe/GaP >
COMML RADATION TN RADATION | [ RAD
POWER SWITCHES, | TESING || DEwo TeSTNG || waRD o] ADRARD
MANAGEMENT ADV COMP, SOA SOA ADVANCED [] SWITCH | peveLoP
CIRCUITS COMPONENTS | | COMPLETE | [cOMPONENTS| | DEMO
OPTICAL OPTICAL
0 SYSTEM SENSORS, CURRENT VOLTAGE -l o
IAGNOSTICS SYSTEMS  — | SENSOR SENSORA > -
c DELNERED TESTED DEVELOP
AD P00
AO RETPE?;;E;:’CH TEST | | EOM3 PLASMA JON EFLUX MODEL
PLASMA SN [T New Tk [T e DEVELOPMENT
ENVIRONMENTAL s Eo
THEORY DEVELOPMENT OF MODELS 10 PREDICT ENVIRONMENTAL £F FECTS AND GUIDE DESIGN
INTERACTIONS s
Figure 7 JMWS0-004 2

HIGH CAPACITY POWER NS

GROSS FUNDING HISTORY/PROJECTIONS
NASA SP-100 ATP - HIGH CAPACITY POWER

30

25

20

.

.
A
A )

MILLIONS OF DOLLARS

.

N
- o=
/‘.---.‘----”" >

Yv‘lllllllTl’IlYlll'!ll]llIll

5
, High Capacity Power
Lt e Baseline

0 ] 1 L 1 1 1 ] 1 1 1 I 1 1 1

0 1 2 3 4 5 [ 7 8 9 10 11 12 13 14

DARPA -#—NASA ATP—#=CST|l———— PROJECT YEARS
85 86 87 88 89 90 91 92 83 94 95 96 97 98 99
FISCAL YEAR JMWS0-007 8
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A

HIGH CAPACITY POWER

MAJOR OBJECTIVE:

ADVANCE

D STIRLING

DEMONSTRATE THE PERFORMANCE, SPECIFIC POWER, LIFETIME,
RELIABILITY, OF A 25 kWe/PISTON, 1300 K, Tg = 2, FPSE FOR LUNAR
BASE APPLICATION

- DEMONSTRATE PERFORMANCE OF SUB-SYSTEMS

(Heat Transport, Power Conversion, Heat Rejection, PMAD)

- INTEGRATE SUB-SYSTEMS/DEMONSTRATE SYSTEM OPERATION

CSTI HIGH CAPACITY POWER

SSPC SUPPORTING R&T

OBJECTIVE:
+ TO ESTABLISH A STRONG FPSE

TECHNOLOGY BASE

*Nolice all the computations, theoretical scribblings and
lab equipment, Norm. .. . Yes, curiosity killed these cats®

JEDS0-002.6

ITP.JMWS1-001 2

N/

ACTIVITIES:

IN-HOUSE ENGINES

+ 5RE

+ SPIKE

» RE-1000 HEAT PIPE
+ RE-1000 HYDRAULIC

+ 1.5kWe SOLAR DYNAMIC DESIGN

ANALYSIS COMPONENT TECHNOLOGY
+ CODE DEVELOPMENT + MAGNETICS
HFAST, GLIMPS, CFD
+ LINEAR ALTERNATORS
« LOSS UNDERSTANDING
CONTRACTS (3) + CONTROLS
GRANTS (8)
ANNUAL WORKSHOP + LOAD INTERACTION
+ PARTICIPANTS + HEAT PIPES

U. OF MINNESOTA (3)
CLEVELAND STATE (2)

MT

U. OF PITTSBURGH
CASE-WESTERN RESERVE
SUNPOWER

MTI

GEDEON ASSOCIATES
NASA-LeRC

* HEAT EXCHANGERS
+ MATERIALS/JOINING
* MAGNETIC BEARINGS

+ HIGH TEMPERATURE
INSTRUMENTATION

PT8-6



. ——EXPLORATION TECHNOLCL U Y=

FREE-PISTON STIRLING ENGINES

KEY PROGRAM ELEMENTS

SCALING: 125 —> 25kWe/P

SPECIFIC MASS: 9kg/kWe <6 kg/kWe

EFFICIENCY: 20 —> 30 (35)

LIFETIME: 27 YEARS

OPERATING TEMPERATURE: 650 K —> 1050 K (1300 K)

APPROACH
COMPONENT DEV. TESTING —> SUB-SYSTEMS —> SYSTEM TESTS
STRONG AS SUPPORTING ANALYSIS

ITP RJS91-001 §

& HIGH CAPACITY POWER NASN
STIRLING DEVELOPMENT

BASELINE PROGRAM
. PISTON HYDRODYNAMIC BEARING 1000 HOUR
. HYDRODYNANIC LIFE DEMO 992
oispuacer BEARWG { HYDROSTANE
- ALTERNATOR MATERIALS SUBSTITUTION
. REGENERATOR MATRIX CONFIGURATION
¢ OR CONFIGURX ! ENDURANCE DEMO
o ! 91 Y0/ — - 1087
Coon He-Coe )
| :
MTI Ml WMTVLeAC
125 W 125kW 12.5kWe
§50 KA25 K 25K 1050 K525 K

|
! IN 718)
| - 525KCOD INTI8)
END TEST « HEAT PIPE
| HEATER
|+ ALTERNATOR
525K ALTERNATOR
| - BEARNGS 25 ke
1050 K/525 K 1050 K525 K
I« SEALS > 6% EN. > 30% Eft
! - HIGH STRENGTH  + COMPONENT
) SUPERALLOY IMPROVEMENTS
| u-20)
LeRC - SYSTEM TEST
1250 |
750 KAB K

. LOSS UNOERSTANDING AND REQUCTION

« CODE DEV. AND VALIDATION

+ DYNAMIC BALANCING

. LOSS SENSITIVITY AND PERFORMANCE IMPROVEMENTS

Figure 1 JNWS0-005 7

IR T . PR
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FREE-PISTON STIRLING
SPACE POWER RESEARCH ENGINE

HIGH CAPACITY POWER NNASA

SPRE TEST
150 Bar, Thor =650 K, TR = 2.0

18 7 * - —
1 . u

. / " — B

1 |
2 J/

ELECTRICAL POWER (W)
{THOUSANDS)

OVERALL POWER MODULE EFFICIENCY (%)

o i T 0 +— ] l

5 7 9 1 5 7 9 11
POWER PISTON AMPLITUDE (mm) POWER PISTON AMPLITUDE (mm)
+ BEFORE O AFTER + Acceplance. 587 0 Test 1/90

JED90 00 ¢
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HIGH CAPACITY POWER

SPRE TECHNICAL PROGRESS

. SUCCESSFUL DEMONSTRATION OF:
. 12.5kWe/PISTON
. Tp=2
. NON-CONTACTING GAS BEARINGS (HYDROSTATIC & HYDRODYNAMIC)
. STABLE OPERATION WITH CENTERING PORTS REDUCED FROM 670 2

- RADIAL CLEARANCE INCREASED FROM 2 mils TO 5 mils

. PREDICTED POWER LOSS
- NO CHANGE IN EFFICIENCY

- VALIDATED DESIGN CODES
. DEMONSTRATED LINEAR ALTERNATOR EFFICIENCY > 90% AT 325K

TP JMWG1-001 .9
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HIGH CAPACITY POWER NASN

LINEAR ALTERNATOR TECHNICAL PROGRESS

* LINEAR ALTERNATOR DYNAMOMETER QUANTIFIED EDDY CURRENT LOSSES

- VERIFIED IMPROVED PERFORMANCE WITH NON-MAGNETIC
SUPPORT STRUCTURE

* LINEAR ALTERNATOR "SHAKE AND BAKE" TEST RIG VALIDATES INSULATION
AND STRUCTURAL INTEGRITY

ITP JMW91.001 10

HIGH CAPACITY POWER NASA

HIGH TEMPERATURE MAGNETICS TECHNICAL PROGRESS

+ 5 COMMERCIAL MATERIALS
EVALUATED

* SAMARIUM ; COBALT;; CHOSEN
FOR 525K

« DEFINES DESIGN MARGINS ON
TEMPERATURE AND CURRENT

» STABILITY - CYCLING AND LIFETIME
UNDER INVESTIGATION

JED9O 007 2

PTs8-10
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FREE-PISTON STIRLING ENGINE
ADVANCED HEAT EXCHANGER TESTS

@ MEASURED HEAT PIPE TEMPERATURE DROPS
AGREE WITH THE ANALYTICAL PREDICTIONS

@ OPERATED WITH HEAT PIPE TEMPERATURE AS
HIGH AS 1050K

@ HEATER METAL AND GAS TEMPERATURE PROFILES
ARE BEING STUDIED TO BETTER UNDERSTAND
HEAT FLUX DISTRIBUTION

@ HEAT EXCHANGERS WILL BE CHARACTERIZED
WITH HEAT PIPES OPERATING WITH GRAVITY AND
AGAINST GRAVITY

HIGH CAPACITY POWER NS

WE HAVE DEMONSTRATED

12.5 kWe/PISTON
EFFICIENCY = 20%
Tr=20

Ty =650 K
Tc=325K

DATA, ANALYSIS PROVIDE CONFIDENCE TO
PROCEED TO THE NEXT GENERATION ENGINE

TP JMW91.001 11
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CA\) HIGH CAPAC.TY POWER NNSA

STIRLING SPACE POWER CONVERTER PROGRAM
PHASE TWO 1050K SUPERALLOY COMPONENT TEST POWER CONVERTER (¢ “PC)

OBJECTIVE:

TO PROVIDE A LOW-COST, LOW-RISK AND SHORT SCHEDULE APPROACH
TO DEVELOP ALL COMPONENT TECHNOLOGIES FOR THE 25 kWe 1050 K
SUPERALLOY STIRLING SPACE POWER CONVERTER

PROGRAM GOALS:

END OF LIFE POWER - 25 kWe
EFFICIENCY - >25% @ Tr=2.0
LIFE (DESIGN) - 60,000 HOURS
VIBRATION - < .04 mm (OPPOSED PISTON)
BEARINGS - NON CONTACTING (GAS FILM)
SPECIFIC MASS - <6 kg/kWe
HOT END - HEAT PIPE

JED91-002 3

HIGH CAPACITY POWER NS

STIRLING SPACE POWER CONVERTER P~IGRAM
PHASE TWO
1050 K SUPERALLOY COMPONENT TEST POWER CONVERTER (CTPC)

FIRST WIOTORNG TEST OF COLD END

. 12.5 kWe DESIGN ’ ;
. MOTORED AT 70 Hz (4/15/91) , , : | 'x: i e L
. "NEW"” HYDPOSTATIC BEARING SYSTEM ; L= - N

. NO RUBS

. START OF MTUCTPC TEST PROGRAM

&3
j Lt ks

STARIISH wYTACIR ‘ sitanaion ' O3
matn rOST AW FLANGE  S1AIBRS

IFD9LOn 1 e



COMPONENT TEST POWE 1 CONVERTER (CTPC)
COLD END MOTORING TEST

HIGH CAPACITY POWER NASA
WILL IT REALLY WORK IN SPACE? N
STIRLING MACHINES (CRYOCOOLERS) HAVE ALREADY FLOWN INSPACE ! *;JC" )
+ 7 FLIGHTS HAVE BEEN IDENTIFIED (6 USA/t USSR) S~ 2
. DEMONSTRATED OPERATION FROM HOURS TO 6 YEARS L
+ KINEMATIC STIRLING TECHNOLOGY
* STIRLING CRYOCOOLER PROTOTYPES DESIGNED FOR TERRESTRIAL APPLICATION /

PLANNED LONG-LIFE CRYOCOOLER MISSIONS - FREE-PISTON STIRLING TECHNOLOGY
+ 7 FLIGHTS PLANNED WITH FLEXURE BEARING SYSTEM

- ALONG TRACK SCANNING RADIOMETER - 1991
- IMPROVED STRATOSPHERIC AND MESOSPHERIC SOUNDER - 1991
- HIGH TEMPERATURE SUPERCONDUCTIVITY EXPERIMENT - 1992
- X-RAY SPECTROMETER - 1996
- EARTH OBSERVING SYSTEM INSTRUMENTS - '96, '97, '98

+ 1 FLIGHT PLANNED WITH GAS BEARING SYSTEM

- SDI/SPAS EXPERIMENT 1994

* TO DEMONSTRATE THAT FREE-PISTON STIRLING CRYOCOOLERS WITH GAS
-BEARINGS CAN SURVIVE LAUNCH ENVIRONMENTS

wHaunno g

PT8-13



HIGH CAPACITY POWER NSA

CODE DEVELOPMENT PROGRESS

. IMPROVED UNDERSTANDING OF FLUID FLOW AND HEAT TRANSFER IN
HEATERS, COOLERS, AND GAS SPRINGS WITH OSCILLATING FLOW

. MULTI-DIMENSIONAL CODES—= INSTANTANEOUS HEAT TRANSFER
AND FLUID FRICTION COEFFICIENTS FOR 1-D DESIGN CODES

« ICOMP o MIT
« U.ofMinnesota * CSU
+ Gideon + U. of Pittsburgh

+ Ohio University  + Argonne

MULTE-D CODES
& TESTRIGS

--------

» GOVT.
+ INDUSTRY
+ ACADEME

\ 1 OSCILLATING-FLOW RIGS

+ HFAST
« GLIMPS
+ SAUCE
+ MARWEISS
+ NASA

STIRLING
ENGINES

TP.IJMW91-001.12

' (R v o4 0. |57
- ¢ {l/ ‘
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N\ T T T TR TR TR T T L
CSTI HIGH CAPACITY POWER: =, .

Lawis Ressarch Center

GOVERNMENT IN-HOUSE TEST FACILITIES

SPACE POWER RESEARCH ENGINE STIRLING RE 1000

125 TON VACUUM HOT PRESS
< ¥ '23":"‘ :’1!:‘ i

HIGH TEMPERATURE VACUUM
CREEP TEST

CO-99-4144)
& csti HiaH capacirypower | IUASA
#
INDUSTRY/UNIVERSITY TEST FACILITIES
MT! MANUFACTURING U. OF PGH. HIGH TEMPERATURE CWRU ATOMIC OXYGEN TEST
s
OSCILLATING/STEADY-
STATE FLOW TEST

'

MT1 LINEAR ALTERNATOR
DEVELOPMENT

CO-09-41442
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MATERIALS STUDIES FOR THE STIRLING SPACE POWER CONVERTER

EFFECT OF Na ON
MECHANICAL PROPERTIES
* THERMACORE

* ETEC
» M7

1050K
REFLUX BOILER vs HEAT PIPE
RRATIO FILLING PROCEDURES
ATIN
LIFETIME LIQUID METAL COATINGS
COMPATIBILITY : DIERUACORE
FREQUENCY .M
FABRICATION/JOINING BRAZE COMPATIBILITY
WELD MICF JCRACKING WICK MATERIALS
EDOM SURFACE MICROCRACKING JOINING TO HEAT SOURCE

+ METEM + THERMACORE
+ SPEEDRING o ALLIED SIGNAL
+ un CHOICE OF HEATER HEAD ALLOY WALLCOLMONOY

FABRICATION OF HEATER HEAD

PT8-16
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CA: CSTI HIGH CAPACITY POWLR NANASN

SODIUM HEAT PIPE FATIGUE TESTS
THERMACORE MTI

. SIMULATES STARFISH HEATER
LOADINGS AND ENVIRONMENT
- SODIUM HEAT PIPE
INCONFL 718 (CTPC MATERIAL)
- EVALUATES CORROSION EFFECTS

- EVALUATES CREEP AND HIGH
CYCLE FATIGUE

.+ 4 HEAT PIPES FABRICATED

1 CLil APARTFOR O2 TEST
R R IR Y
S 00 PPM

JINSTALTED IN FATIGUE TEST RIG

« ETEC PUMPED LOOP IDENTIFIED AS
SUITABLE FILL TECHNIQUE

IFnnn nt

nasa
C-r0-09840

L rman ™ AEROSPACE TECHNOLOGY DIRECTORATE  NNSNA
Lewis Reseatch Center

BASE TEST SYSTEMS CAN BE EASILY UPGRADED
TO TEST REFRACTORY METALS |

From superalloys To refractory metal upgrade
base test system of base test sysiem
CD-90-48247
PT8-17 CUIRAL Fage 0
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HIGH CAPACITY POWER

STIRLING MATERIALS PROGRESS

« CERAMIC COATINGS - MAGNET INSULATORS

+ NON-MAGNETIC ALTERNATOR SUPPORT STRUCTURES
« REFRACTORY MATERIALS - 1300 K CONVERTER

+ STEM AND EDM TECHNIQUES - HOT END MATERIALS

. TRANSIENT LIQUID PHASE DIFFUSION BONDING
EB WELDING } UDIMET 720

+ LOW OXYGEN FILL TECHNIQUES - Na HEAT PIPES
» VISCOPLASTIC/INELASTIC ANALYSIS & TESTING - LONG LIFE DESIGN

HIGH CAPACITY POWER
STIRLING SYSTEMS PROGRESS

+ LUNAR BASE REFRACTORY STIRLING-NUCLEAR INTERFACE CONCEPTS
« SYSTEM RESPONSE TRANSIENTS
« MULTIPLE CONVERTER INTEGRATION & INTERACTION

PT8-18

TP.JMW91-001.14

NNASA

ITP.JMWS1-001 13



<}‘ \ HIGH CAPACITY POWER NS

SPIN-MOTOR FOR PISTON-CYLINDER
HYDRODYNAMIC GAS BEARING
(DEMONSTRATED ON SPRE)

SCHEMATIC SHOWING PISTON SPIN-MOTON FOR
PISTON-CYLINDER HYDRODYNAMIC GAS BEARING
CONCEPT FOR A FREE-PISTON STIRLING ENGINE

~ LINEAR ALTERNAIDR
MAGNETS

,~ MSTON/PLUNGEN

STATOR
WINDINGS 1|

~CYLINDER
~ GAS BEARING

QUTER I
STATOR k
LAMINATIONS «\& "
\
)

~INNER STATOR
LAMINATIONS

PISION 3
GAS SPRING vowm\\\ .
WoTon | “PISTON  Loiog

TOR  RpIOA

"o
STATOR - gaGNETS

LARANNI XIS AR

HIGH CAPACITY POWER NASNA

NON-CONTACTING BEARINGS TECHNOLOGY PROGRESS

. HYDROSTATIC BEARING LOSSES REDUCED 50%
 HYDRODYNAMIC BEARING DEMONSTRATED

. "NEW" HIGH STIFFNESS, ULTRA STABLE HYDRODYNAMIC
BEARING IDENTIFIED

. MAGNETIC BEARINGS VIABLE FOR HIGH POWER CONVERTERS

. OTHER NON-CONTACTING BEARINGS UNDER INVESTIGATION

ITP.JMW91-001 15

PT8-19



HIGH CAPACITY POWER NNASN

REFERENCE ENGINE DESIGN GUIDING EFFORT

. NEW "RELATIVE DISPLACER" DESIGN REDUCES
COMPLEXITY, IMPROVES MANUFACTURABILITY
AND RELIABILITY, IMPROVES POWER AND EFFICIENCY

(*2% POINTS)

TP JMW91-001.17

& HIGH CAPACITY POWER NASA
RSSE RELATIVE DISPLACER GAS SPRING CONFIGURATION

——

+ REDUCED COMPLEXITY OF
DISPLACER DRIVE

« IMPROVED MANUFACTURABILITY

« IMPROVED RELIABILITY

+ ACCEPTS MAGNETIC BEARINGS
+ INCREASED POWER DENSITY

» APPROACHES 30% EFFICIENCY

JED-90Q 03 3

PT8-20



AN HIGH CAPALITY POWER NSA

ADVANCED THERMOELECTRICS

MAJOR OBJECTIVES:

DEVELOP SiGe/GaP n-LEG AND p-LEG TO PRODUCE THE Z = .85 x 103 K
SPECIFIED FOR THE SP-100 REACTOR SYSTEM

- OPTIMIZE DOPANTS. ADD SCATTERING CENTERS

. DETEHMINE‘MANUFACTURING SPECIFICATIONS

- PROCURE AND TEST MODULES/MULTICOUPLES FOR
ACCELERATED LIFETIME MEASUREMENTS

TP JMW91-001 3

THERMOELECTRIC DEVELOPMENT

HOT PRESSED
nTYPE
SiGa
oF1. FINAL OPT. OOPANT PRECIPITATION
m °°:‘,‘"2°' STUDY WITH SCATTERING
r G _ SCoGe? CENTERS 4
\se 7/ I _yl  DOPAMT STUDY #-TYPE SiGs
COMBINED PREPARE |
1185 TEST
OEVELOPED STATON [ pOPANT STUDY p TYPESIGe |
MECHANISM )
. #PROCURE SiCe GLASS
pkapraerd COMPATIBIUTY > COMPAT.
SAMPLES TESTING
WFG SPECS PREPARE PROCURE T£ ACCEL
) MOOWE | I MODWES || TESTNG OF
WATL TESTIG wiTH PR || MODULES OR
STATION MATERIAL WCs
2: 85
| 8 | 90 9 %2 o | w | s | % |
Figure 6 AAWI0-004 3
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RF-GENERATOR

4
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QUARTZ CARRIER y

: BOAT WITH
PR MATERIAL

Ld
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HIGH CAPAC.T'Y POWER NNASA

ADVANCED THERMOELECTRICS - BASELINE PROGRAM

THERMOELECTRICS GOALS:

» REPRODUCIBLY OBTAIN n-TYPE SiGe/GaP with Z = .9- 1.0x 10-3 K
- ADD INERT SCATTERING CENTERS TO INCREASE Z TO 1.1 - 1.2x 10°X"!

* INCREASE ZOF p-LEGTO =.70 - .75 x 10-3 K* WITH SCATTERING CENTERS
- RESULTS IN COMBINED Z TO .85 - .90 x 10-3K''BETWEEN 600 - 1000C

PRESENT STATUS

N-LEG:

P-LEG:

= _JPPL

9 SAMPLES Z BETWEEN 0.85 AND 1.0 x 10-3 K
CANNOT FABRICATE HIGHEST Z SAMPLES AT WILL
CAN FABRICATE HEAVILY OVERDOPED SAMPLES, MUST REDUCE CARRIER CONCENTRATION

INCREASED Z 10 15% (.6 x 101 K-') BY OPTIMIZING BORON CONTENT
SMALL INERT PARTICLES BEING ADDED TO REDUCE THERMAL CONDUCTIVITY
MODEL PREDICTS Z INCREASE OF 40% POSSIBLE WITH PARTICULATE SCATTERING

JMWE1.007 S

'IMPROVED n-TYPE SiGe/GaP

1-2 T T
LO---0---0-=-0--~0.
SP-100 GOAL R ©
1.0 ‘ Y 1 vt e
o .‘!A’:.‘uﬁ vg‘an.‘ ‘e
. 42000 heoe !t
a t S . s
0.8 n s *
3,1 n
Z(107°K™) 0.6 . 4 TN 106 4
4 TN373
" PDoped " TN428
04r * TN 660
® MOD/RTG o TN681
8 TN709
Y  TNSSS + TN711
0.2 o TN715
® TN716
0.0 200 400 600 800 1000 1200
TEMPERATURE (C)

8TH SYMPOSIUM ON SPACE NUCLEAR POWER SYSTEMS

PT8-23 CRIGITAL Faut IS

OF PCOR QUALITY



Z FOR p-TYPE SiGe

———— ——
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FIGURE OF MERIT, Z x 103

- TP ES4 @
x (8§ P BT T -
o e v £SP-100 GOAL
z e O m
~ TP 672 & I} [ ] | ] o
[ ]
= 06 ./% _ 4 ; -
Y v '
= <
5 ]
v }
i 0.4 ‘— .
el l
'
oz f
l
O 0 L L i 1 i
0 200 400 600 800 1000 1200
Temperature (C)
JPL
Les Alames
20 v H T T T
T
2 qeb I T LR R R
o 10 ¢
'2) ?n_: . WPROVED
w 101 e ¢ os|- - (990} 4
6 7} SP. 100
ry AT = 400° ¥ GOAL
w -
w Sk . a 0s}- A
SP-100 GOAL b
0 1 i 1 i 07 1 1 L 1
04 06 08 10 12 14 06 07 08 09

COMBINED FIGURE OF MERIT » 107

» SP-100 GOAL OF Zpp = 0.85 (B.0.L.) IN SIGHT

CE4
21159}
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- :A: HIGH CAPACITY POWER NASA
THERMAL MANAGEMENT

—

MAJOR OBJECTIVES:

DEVELOP AND DEMONSTRATE ADVANCED THERMAL MANAGEMENT CONCEPTS
FOR BOTH THERMOELECTRIC AND STIRLING CONVERSION SYSTEMS

STIRLING - RADIATOR AT 475 - 600 K, 5 kg/m2, 10 YEAR LIFETIME, .99 RELIABILITY

- HOT SIDE HEAT EXCHANGERS AND PUMPS
- Low Mass, High Performance, Superalloy and Refractory

- COLD SIDE HEAT EXCHANGERS AND PUMPS
- Low Mass, High Performance

THERMOELECTRIC - RADIATOR AT 800 - 900 K, 5 kg/m2 , 10 YEAR LIFETIME,
.99 RELIABILITY

DEMONSTRATE PERFORMANCE OF SUB-SYSTEMS ( Heat Pipes, Pumps,
Heat Exchangers)

INTEGRATE RADIATOR SEGMENTS AND OTHER SUB-SYSTEMS INTO
STIRLING SYSTEM TEST AT 1050K {1997) AND 1300K (1999)

ITP JMW31-001 4

—FXPLORATION TECHNOLU GY =

THERMAL MANAGEMENT

PROJECT
KEY ELEMENTS

ADVANCED RADIATOR SEGMENT DEVELOPMENT
- + TECHNOLOGY —> COMPONENT —> SUBSYSTEM —> RADIATOR SEGMENT

- 875 K HEAT PIPE WITH FINS FOR THERMOELECTRIC
- - 600 K LiNak PUMPED LOOP FOR STIRLING

+  SURFACE MORPHOLOGY
- EMISSIVITY >.85 WITH SURFACE TREATMENT, NO COATINGS

+ MATERIALS DEVELOPMENT
- Cu/Gr COMPOSITE TO REPLACE Be FINS WITHOUT MASS PENALTY

- + HEAT PIPE/RADIATOR DESIGN CODES AND CORRELATION

- ANALYSIS, AUDITS, TRANSIENT BEHAVIOR
- TESTING

JW91 02 7pm

PT8-25
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CA\\: HIGH CAPAC(TY POWER NNASA
THERMAL MANAGEMENT
BASELINE BUDGET

Advanced Feasibility Demonstrations

Radiator PHASE IV CONTRACTS
Concepls PHASE M 375 X CONCEPT DEMO

r >
SPI, Rl oL 500 K CONCEPT DEMO
(Components) (Subsystem) ... o0y aap
SEG. FAB
475500 K
SEGMENT
DEMO
HIGH CONDUCTIVITY COMPOSITE FIN DEVELOPMENT> 1050K
LeRC, ASI, SAIC Sren
Test
FABRICFOILP Mee
89 20 91 92 93 94 95 9% 97
Figure 8 JMW90-004.4
*®

PT8-26
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HIGH CAPA._ITY POWER NS

ROCKWELL ACCOMPLISHMENTS

DEMONSTRATED CARBON-CARBON COMPOSITE INTEGRATED TUBE-FIN
MANUFACTURING TECHNOLOGY

IDENTIFIED Nb AND Ti AS LINER OR COATING MATERIALS TO CONTAIN WORKING
FLUID

IDENTIFIED BRAZE MATERIALS AND Re PRECOAT FOR JOINING LINERS TO TUBES
(PERFORMED INITIAL BRAZING AND COATING EXPERIMENTS)

INITIATED TWO ALTERNATIVE METAL FOIL LINER FABRICATION SUBCONTRACTS

PT8-27 LG Spn



LOW TMPERATURE Li-NaK RADIATOR

(f—_
A EXPERIMENTAL TEST SECTION
SPI Operated In Li-NaK Loop
VGCF-CFin
1;
|
|
Ti - Carbon Brazing ‘
LI (Solid)
L] « NaK (Liqulid)
SIC/TI Tube .
L -
FIGURE 1 €9:29% i
A HIGH CAPACITY POWER NSA

SP1 ACCOMPLISHMENTS

COMPLETE Li/NaK LOOP GROUND TEST FACILITY

PERFORMED Li/NaK FLOW TESTS IN BOTH Li THAW AND Li FREEZE MODES

DEVELOPED 2-D COMPUTER SIMULATION OF LiNaK FREEZE/THAW WITH VIDEO
GRAPHIC OUTPUT

PERFORMED LONG TERM (3000 hr) HIGH TEMPERATURE Li/NaK CAPSULE TS
TO VERIFY MIXTURE STABILITY

FABRICATED OIL-WATER FLOW VISUALIZATION LOOP SIMULATOR

JW1 02 4pm

PT8-28




A HIGH CAP»_ITY POWER (SN

PNL ACCOMPLISHMENTS

+ DESIGNED AND FABRICATED ULTRA-LIGHT HEAT PIPES WITH METAL FOIL
LINERS AND HIGH STRENGTH WOVEN CERAMIC FIBER MANTLE

« TESTED FABRIC-FOIL HEAT PIPE WITH H,0 FLUID AND DELIVERED PROTOTYPE
TO LeRC FOR MORE EXTENSIVE TESTING

JW91 02 6.pm

EXPLORATION TECHNOLLuY=
HIGH CAPACITY POWER

HEAT PIPE CODES

DEVELOPED STEADY STATE DESIGN CODE
* VALIDATED WITH SP-100 HEAT PIPE DATA

« INCORPORATED IN HEPSPARC RADIATOR DESIGN CODE
+ IMPROVED VAPOR FLOW ALGORITHM
« WILL BE USED FOR HEAT PIPE DESIGN & AUDITS

TRANSIENT CODES
« JOINT EFFORT (NASA, AIR FORCE, WSU, UCLA, UNM)

« MODELS SP-100 HEAT PIPE START-UP FROM FROZEN STATE
« VAPOR FLOW REGIONS COMPLETED AND VALIDATED
+ COMPLETED EXPERIMENTS FOR CODE VALIDATION

TP RJS91-001 18

PT8-29



COMPONENTS AND PRINCIPLES OF OPERATION
OF A CONVENTIONAL HEAT PIPE

EXPLORATION TECHNOLUGY =
HIGH CAPACITY POWER

NASA LeRC HEAT PIPE LABORATORY

+ OPERATED WATER, LIQUID METAL HEAT PIPES
« FACILITY DATA ACQUISITION SYSTEM CHECK-OUT COMPLETE

+ SIMULATE STIRLING AND THERMOELECTRIC RADIATOR
OPERATING CONDITIONS

+ INITIATING TESTS ON PNL FIBER-FABRIC HEAT PIPE
- FUTURE TEST ON CONTRACTOR HEAT PIPES

MP.AJISH1-001.17

PT8-30
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FABRICATION OF Gr/Cu COMPOSITES AT LeRC:
ol COPPER.COATED P100 GRAPHITE YARNS _

2 YARNS WOUND
. & ARC-SPRAYED

Leemeva, '3

mnem:‘nu‘:[‘?ummz 8529 rpo

c“ A REACHED! M’i"m v “J_. e

cynsno,eo sonc-cu}usumcm i
comnns umxmn 'C-C'NCREASE EMITTANCE FROM
2 comuu‘mv:yn, Loqmn PRESERVES :mmuc:
70 8P-100 m

imucu_

PT8-31
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A, HIGH CAPAL.TY POWER TR

ADVANCED MATERIALS

MAJOR OBJECTIVES:

DEVELOP MATERIALS WITH SIGNIFICANTLY ENHANCED CHARACTERISTICS
COMPARED TO SOA RADIATOR AND REFRACTORY MATERIALS

- RADIATOR FIN MATERIALS TO REPLACE Be WITH NO MASS PENALTY

- REFRACTORY MATERIAL/COMPOSITE WITH FACTORS 2 TO 10
IMPROVEMENT IN CREEP STRENGTH COMPARED TO Nb-1Zr

- DEVELOP DATA BASE TO QUALIFY ALL MATERIALS AT DESIGN
CONDITIONS (PWC-11, IN 718, IN 720, Cu/Gr, W/Nb, MoHIC/Nb)

TP.JMW91-001 8

CA R\ HIGH CAPALITY POWER NASA

ADVANCED MATERIALS
MAJOR PROJECT ELEMENTS

+ DEVELOPMENT OF PWC-11
- SPECIFICATION, FABRICATION, TESTING, APPLICATION (WELDING/JOINING)

* DEVELOPMENT OF WIRE REINFORCED REFRACTORY COMPOSITES
- WIRE CHARACTERIZATION, COMPOSITE FABRICATION, TESTING, APPLICATIONS

* MATERIAL SELECTION AND COMPATIBILITY DETERMINATION FOR SUPERALL"
STIRLING DESIGNS AND REFRACTORY STIRLING DESIGNS |

JWt 02390,

PT8-32



. « cedih ittt b - i P ‘ J
PWC-11 Alternate for Nb-1Zr ;
24 :1
r | Dewgn ! 4
= emperane - - X
8 |- : : K
: : 4
Projecied Lo~ Pwe i
cvess ; NN 1210 06C) IR ne IO &
(MPg) 12 i : : o oL a-
for 1t ; : v :
siean in Design : . q \_}_‘-.-“,k g
T swess NG 12 : L SO WF
6 range [lcowse gran) o+ L% ’h A
B SO ORRURR S l’-‘."ﬁl.-
’ ; N 121 .
ol [ Cind AN | ~
1300 1350 1400 1450 N \sa J
Tempuratwe, K A o
-~ L 4
PWC-11 PRECIPITATE CHARACTERIZATION B A-ic‘ﬂ’; i
ASROLLED [MEATTREATED | TESTED [ 2oy . @4 fi
SIZE 00 | 510 |.1015,m Nb-12r j
STRUCTURE ey fee ket >
COMPOSITION | NaC @ un)C I i
{
o NbC TRANSFORMS TO STABLE (21.Nb)C PARTICLE ~ '
* AGING AT 1350-1400 X DOES NOT OVERAGE PRECIPITATE PARTICLE ;
* AFTER 35,000 b PRECIPITATE (Zr,MbIC STILL EFFECTIVE STRENGTHENER i

LD MATERIALS DIVISION NASN

Lowts Research Conter

Percent
Strain

3

— TEST: 1350K/10MPa

CREEP CURVES FOR Nb-1Zr & PWC-11 (0.06C)

ANN: 1755K/1h + 1475K/2h

VAC: 10-7Pa

PWC-11

I | l |

0 10,000 20,000 30,000 40,000
Time in hours

CD-90-51223
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MATERIALS DIVISION NNASA

ALROSPACE TECHNDLOGY RICTORATE Lewts Ronssrch Conter

Creep Curves for Nb-1% Zr and PWC-11
2.0 —

1350K/34.5 MPa o
1.5 = 10-7Pa &

Percent . | ! Nb-1%2r
strain

_

1000 2000 3000 4000 5000 6000
Time in hours

CD-91-52652

TUNGSTEN FIBER RElNFORCED Nb-1Zr

o MATRIX COMPOSITES FOR L
. s SPACE POWER APPLICATIONS HE
R B rmmmmvmmmummm -
R - Compariaan of Ceep SrenginOunaty 3
- o <o ne With Conventionsl Nb Alloys |1, ’
. 1[ 1900 -
‘ : i ‘ ‘ :?:3::‘:'.7":?5%:.':; ‘ S
1: T ‘\' gznts‘s'sé P 15° MNGLE PLILO 110LNS -'ﬂ
- ; : v 'l; im W 0 4w maren \"K" : : 1
. T ‘ | : & mil Ium\..m ]
. Ve ) o N TS WO S I | :
: ! ' TIME 10 144 STRAIN hrs f i
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é&: HIGH CAPACITY POWER NASA
REFRACTORY MATERIAL CANDIDATES FOR 1300K STIRLING
BASE WP p COMPOSITION ALLOY DATA VACUUM
MATERIAL | (K) | (g/cc) | ALLOY NAME {wi%) JOINABILITY | FABRICABILITY | AVAILABILITY | AVAILABILITY |  (torr)
W 3680 | 193 | W-25Re-HIC | 24-26% Re 5 4 4 3 106
1% HIC
8% W
Ta 3270 | 166 | ASTARB1IC | 1%Re 8 8 10 5 108
19 HIC
Mo 2880 | 102 Z™ 0.08% 2t 2 8 10 4 106
05%Ti
125%Ti
TZC 0.1% 2 2 6 10 4 106
015%C
Mo/Re 2780 | 155 Mo-47.5 Re 47 5% Re 8 3 8 3 10€
bai Mo
1M%W
Nb 2740 | 86 FS-85 28% Ta 8 8 5 4 108
1% 21
B-88 27% W 7 7 4 2 108
2% HIC
10% Hl
C-103 1% Ti 10 10 10 7 1048
0.7% 2r
PWC-11 19 21 10 10 10 7 108
i 01%C
No-12r 1% 2r 10 10 10 8 108
JEDS1-001 2
fAﬁ HIGH CAPALITY POWER NASA
POWER MANAGEMENT/SYSTEM DIAGNOSTICS
MAJORO TIV
DEVELOP PMAD ARCHITECTURE TO ENABLE USE OF FPSC's IN FUTURE
MISSIONS

. CONTROL STABILITY, LOW MASS (1 kg/kWe), RELIABILITY (.99)

TEST POWER SWITCHES IN HIGH TEMPERATURE (425K), HIGH RADIATION
(10'3 /em, .5 Mrad gamma), ENVIRONMENTS

DEVELOP DIAGNOSTIC SENSORS AND SYSTEMS TO MONITOR NUCLEAR
SYSTEM PERFORMANCE WITH EMI IMMUNITY AND SAFETY UNDER EXCESS
CURRENT AND INSULATION BREAKDOWN CONDITIONS

PT8~35

TP.JMWE1-001.5
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ZA ) HIGH CAPACITY POWER NSA

TECHNICAL HIGHLIGHTS

PMAD

« SET-UP TEST LABORATORY TO DEVELOP CONTROL TECHNIQUES FOR
MULTIPLE FREE-PISTON STIRLING CONVERSION SYSTEMS

« QUALIFIED HIGH TEMPERATURE (525K) MAGNETIC MATERIALS FOR
FPSE LINEAR ALTERNATOR - Sm; Coyy

+ IRRADIATED COMMERCIAL SEMI-CONDUCTOR POWER SWITCHES TO
SP-100 SPECIFICATIONS - ALL DEGRADED

« BEGAN DEVELOPMENT OF SiC SWITCHES TO MEET REQUIREMENTS
SYSTEM DIAGNOSTICS ‘

« FIBER OPTIC CURRENT SENSOR COMPLETE (IR&D 100 AWARD)

« FIBER OPTIC VOLTAGE SENSOR NEAR COMPLETION

ITP.JED91-001 4
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HIGH CAPA_ITY POWER /SN

SPACE ENVIRONMENTAL EFFECTS

MAJOR OBJECTIVES:

DEVELOP CODES AND EXPERIMENTAL CORRELATIONS TO PREDICT BEHAVIOR
OF HIGH POWER SYSTEMS UNDER RELEVANT ENVIRONMENTS

- EPSAT CODE EXTENDED TO LUNAR AND MARS ENVIRONMENTS
(Atomic Oxygen, Meteoroids, Space Plasma, lon Effluents)

ENSURE SAFETY AND LONG-LIFE OPERATION OF HIGH POWER SYSTEMS

ITP JMW91-001.7

CA’\) HIGH CAPALC«TY POWER NNASA

TECHNICAL HIGHLIGHTS - ENVIRONMENTAL EFFECTS

* MEASURED ATOMIC OXYGEN IONIZED SPUTTERING YIELDS TO
CORRELATE WITH SP-100 MATERIALS AND DESIGNS

+ MEASURED AND MODELED CURRENTS THROUGH CABLE
INSULATION PINHOLES

« MEASURED DIELECTRIC BREAKDOWN POTENTIAL BETWEEN
SPACE PLASMA AND SPACECRAFT

ITP.JED91001.5

PT8-37



HIGH CAPACUITY POWER (SN

FULL-UP/AUGMENTED PROGRAMS

JW9102 2pm

CA\: HIGH CAPAL.TY POWER NS

BUDGETS, $ M
YEAR BASELINE UGMENTED FULL-UP
1991 10.4 10.4 104
1992 106 106 106
1993 45 109 111
1994 46 120 16.8
1995 48 123 23.0
1996 50 126 30.5
1997 5.2 18.0 23.0

ITP.JMWE1.001 1
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ZA: HIGH CAPACITY POWER NASA

MILLIONS OF DOLLARS

GROSS FUNDING HISTORY/PROJECTIONS
NASA SP-100 ATP - HIGH CAPACITY POWER

W d
- LA )
+ :" % High Capacity Power
- ’ \ - Fuli-Up Budget
r s
2 ! \
- ’ [y
C P 'Y
- ’
’
- ’
20— /!
- 'I °
L ’l ','
- ,
15 = I' "'
b 4 ced
- ll . oy
o I: .’
r (f" High Capacity Power
wr * Augmented Budget
- \\
.
o »
.
o \
5 - \’---‘--_-._-_-‘---'.
- . High Capacity Power
M Baseline
'
"
0 L 1 1 | 1 1 1 L 1 1 1 i 1 1
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
DARPA <#—-NASA ATP-CST|———= PROJECT YEARS
85 86 87 88 89 90 91 92 N0 94 95 96 97 98 99
FISCAL YEAR JMWS0-007.8

EXPLORATION TECHNOLOGY
SURFACE SYSTEMS/OPERATIONS

CURRENT PROGRAM

» 1050K SUPERALLOY STIRLING DEMONSTRATION- 25% EFF., 6 kg/kWe, 25 kWe - 1994
- 30% IN 1996
- 1 YEAR OPERATION IN 1997
* 450K WATER HEAT PIPE DEMONSTRATION < 5kg/m2 - 1992
- 525K RADIATOR SEGMENT DEMO IN 1994
+ THERMOELECTRIC MATERIAL (SiGe/GaP) Z =1.0 X 10-3 K" DEMONSTRATED - 1994
* RADIATION HARD CIRCUITS DEVELOPED - 1995
+ OPTIC POWER SENSING SYSTEM DEVELOPED - 1995

« ATOMIC OXYGEN, CO; ION, AND CO TESTING OF MATERIALS FOR MARTIAN
SURFACE - 1997

ITP.JMWS1-001.8
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STIRLING DEVELOPMENT
FULL-UP BUDGET

} i
LIFE DEMO o '
o 982 . |
. P1STON HYORODYNAMIC BEARING x ‘
HYDR - 1
- 0/5P_ACER BEARING {vaagg;’mglc f. ) |
(1IN 78] ~-
. ALTERMATOR MATERIALS SUBSTITUTION ENDURANCE |
DEMO -

- REGENERATOR MATRIX CONFIGURATION 1096 —- = 10/97 |

: {
I N\ .
10/89 m : — / @ 4
| . - - | /
i 4 /(7 l
e neer ’
MTI | MTI SN ) (\»‘ / !
125 kW 125 kW SYSTEM 7
esoxnazsk | 525K 1050 K/525 K / 11415 1.97 (\ |
| .525KCOLD ANTIB / / N\ !
| ENDTEST « HEAT PIPE 19¢ 1097 D
S HEATER ™~ ner —_— L
| - ALTERNATOR S
. + 525K ALTERNATOR — e
I MTI 25 kWe R |
25 kW « BEARIN o
650 K/325 K Gs 25 kWe 1050 K/525 K Y
i 1050 K/S2SK > 30w EN e I
« SEALS > 25% EN
! « COMPONENT o 53cciis 270y | -
| * HIGH-STRENGTH IMPROVEMENTS « v 1 *rn |
SPRE.} SUPERALLOY IREEPATIP
LeRC ! {720) . SYSTEMTEST  ~wsitnon |
125 kW | |
750 K/325 K -
PROGRAM GOALS
. LOSS UNDERSTANDING AND REDUCTION B o ey B
+ CODE DEV AND VALIDATION Lie (Sewgn) - > 60.000 hrs
« DYNAMIC BALANCING Viraton (pask -pesk) - < 04
Besrngs - Non-Contaang
. LOSS SENSITIVITY AND PERFORMANCE IMPROVEMENTS Specthc mass - < 6 koW

JMWE1.006 *

HIGH CAPACITY POWER

FULL-UP BUDGET PROGRAM

. FULL-UP PROGRAM CONTAINS ALL ELEMENTS AND CoF NECESSARY TO COMPLETE
A 1300K FREE-PISTON STIRLING TEST IN 1997, PROVIDES SIGNIFICANT PROGRESS IN
RADIATORS, MATERIALS, PMAD, ENVIRONMENTAL INTERACTIONS

- 30% EFFICIENCY, 6 kg/kWe, 25 kWe REFRACTORY POWER CONVERTER
. MULTIPLE STIRLING SYSTEM TESTS FOR POWER SYSTEM PHASING AND CONT#"iL

- 5kg/mz2, 600K RADIATOR
- FACILITIES TO PERFORM POWER CONVERSION/RADIATOR SYSTEM TESTS

. ENDURANCE TESTS AND ACCELERATED LIFETIME MODELS/TECHNIQUES
TO ASSURE 10 - 15 YEAR LIFE

. 875K RADIATOR SEGMENT TESTS FOR THERMOELECTRICS

. MATERIALS DATA BASE AND APPLICATION OF SUPERALLOYS, PWC-11,
REFRACTGRY COMPOSITES AND RADIATOR MATERIALS TO SYSTEM TESTS

. ALL OF THE DESIGNS, THE FACILITIES, AND MOST OF THE HARDWARE WILL BE IN
PLACE AT THE END OF 1997 TO SUPPORT THE REFRACTORY STIRLING POWER
CONVERTER SYSTEM TEST IN 1999 AND THE ENDURANCE TEST IN 2000 TP RUS91001 7
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STIRLING DEvcLOPMENT
AUGMENTED BUDGET

LIFE DEMC .
982 —
- PISTON HYDROD YNAMIC BEARING —
__—"\-‘ t )
HYDRODYNAMIC _
« DISP_ACER BEARING { _
HYDROSTATIC INT1E: T ENDURANCE
- ALTEQNATOR MATERIALS SUBSTITUTION . DEMO .
R 1096 — 8= 1007 T N

* REGEERATOR MATRIX CONFIGURATION

( mr l‘
M e

(3(_‘._'4'(3\

rollny

| snrs s
,} sraen /
ssoxa2sKk | 525K 1050 /528 K YESIS 157 /
I «s25KCOLD (N7 vo.e7 .
| END TEST + HEAT PIPE
HEATER ~ s ) __...f-{

It ALTERNATOR /. 556 AL TERNATOR ~—”
| MTI 25 kiWe s e L

» BEARINGS 25 kWe 1050 K/525 K 1K Ok Ty s

650 K25 K ) 1050 K/525 K > 30w EN o

» SEALS > 25+ EH .

i « COMPONENT o i - o, ot
* HIGH-STRENGTH IMPROVEMENTS & r =y SRR
SPRE.| | SUPERALLOY EREEARES
l (U720, « SYSTEM TEST o LI L= S ]
LeRC
125kW |
750 K325 K
PROGRAM GOALS
End of ide power - 25 kWe
+ LOSS UNDERSTANDING AND REDUCTION Eftiaency - > 25

* CODE DEV AND VALIDATION Lde (demgn) - > 60 000 hrs
Vibraton (pesk-0-peak) - < 04 mm

+ DYNAMIC BALANCING Bearngs - Non-Consatng
+ LOSS SENSITIVITY AND PERFORMANCE MPROVEMENTS Specific mass - < 6 kg/kW

JMWE1.006 2

EXPLORATION TECHNOLOGY =

HIGH CAPACITY POWER
A AUGMENTED PROGRAM

ELIMINATES THE FOLLOWING:
« HARDWARE AND FACILITIES FOR 1300K STIRLING SYSTEM TEST

» DOUBLE-ENDED STIRLING ENDURANCE TESTS AT 1050K AND 1300K
» MULTIPLE STIRLING SYSTEM TEST

+ BASIC UNDERSTANDING, CODE DEVELOPMENT AND CORRELATION TO REDUCE
PROGRAM RISK

» THERMAL MANAGEMENT DEVELOPMENT FOR 1300K STIRLING SYSTEM TEST
« ADVANCED PMAD AND DIAGNOSTIC FULL SYSTEM DEVELOPMENT

+ MODELLING DEVELOPMENT FOR LUNAR AND MARS ENVIRONMENTS, ION THRUSTER
EFFLUENTS

« DETAILED MATERIAL DATA BASE AND APPLICATION DEVELOPMENT FOR ADVANCED
ALLOYS AND COMPOSITES

» FACILITY DEVELOPMENT FOR REFRACTORY TESTING AT SIMULATED MARS CONDITIONS

TP.RJS91-001 14
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_/_;A_’(\_'/ HIGH CAPALITY POWER NASNA
THERMAL MANAGEMENT
BASELINE BUDGET
Advanced Feasibility Demonstrations
Radiator PHASE IV CONTRACTS
Concepts PHASEN 875 K CONCEPT DEMO
SPI, Rl coum. 00 K CONCEPT DEMO
(Components) (Subsystem) | .« ek RAD
HIGH CONDUCTIVITY COMPOSITE FIN DEVELOPMED /
LeRC, AS|, SAIC
Trancro | PP
89 90 £ 92 K] 94 95 9% 97
Figure 9 JMW30-004 4
_THERMAL MANAGEMENT
FULL-UP BUDGET

800 - 850 K TO SP-100 FSQ
3| RADIATOR /

SEGMENT
DEMO

1100 K PUMP DEVELOPMENTY

1360 K PUMP DEVELOPMENT

1150 K HEAT EXCHANGER DEVELOP

1390 K HEAT EXCHANGER DEVELOP

475 - 500 KK 1050 K
(FROM BASELINE | RADIATOR « { STIRLING (STIALIHG PORTICN
FROGRAM) SEGMENT “ A\ SYSTEf J BASELINE FUNDED)
DEMO TEST

W

500 - 600 K PUMP DEVELOPMENT {/

STIRLING COLD SIDE LOOP DEVELOE

1300 K
STIRLING
SYSTEM
TEST

600 K
RADIATOR
> SEGMENT
DEMO
92 93 94 95 96 97 98 99 00
' JMWS1.006 2
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‘THERMAL MANAGEMENT
AUGMENTED BUDGET

800 - 850 K TO SP-100 FSQ
5| RADIATOR /
SEGMENT

DEMO

1360 K PUMP DEVELOPMENT

1100 K PUMP DEVELOPMENT
1150 K HEAT EXCHANGER DEVELOP 1390 K HEAT EXCHANGER DEVELOP

475 - 500 K 1050 K
(FROLY BASELINE RADIATOR « [ STIRLING {STINLING PORTION
FROGRAM) SEGMENT * \ sySTEM J EASELINE FUNDED)

TEST

DEMO \/
| so0k |
aaomoal
—>

500 - 600 K PUMP DEVELOPMENT >~
SEGMENT

DEMO

STIRLING COLD SIDE LOOP DEVELOP >

92 93 94 95 96 97 98 99 00

JMWE1.006 4

@5) EXPLORATION TECHNOLuGY=
HIGH CAPACITY POWER
PMAD/SYSTEM DIAGNOSTICS
FULL-UP BUDGET

PMAD . RADIATION-HARD CIRCUITS DEVELOPED AND DEMONSTRATED AT
SYSTEM OPERATING CONDITIONS

« SOFT MAGNETIC MATERIALS COMPLETELY CHARACTERIZED FOR USE
IN HIGH POWER, HIGH TEMPERATURE, SPACE POWER APPLICATIONS

- COMPONENTS (TRANSFORMERS) DESIGNED AND TESTED IN
RELEVANT ENVIRONMENTS

DIAGNOSTICS + DEVELOP EXTENDED RANGE OF OPERATION FOR POWER SENSORS
(TEMPERATURE AND VIBRATION)

+ SENSORS MODIFIED FOR PRODUCTION / THEN FLIGHT QUALIFIED

iTP.RJS91001 15
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EXPLORATION TECHNOLuUuY=
HIGH CAPACITY POWER

PMAD/SYSTEM DIAGNOSTICS

AUGMENTED BUDGET
PMAD . RADIATION-HARD DEVELOPMENTS RESTRICTED TO SWITCHES,
NOT CIRCUITS

» LESS SOFT MAGNETIC MATERIALS CHARACTERIZED, NO
COMPONENTS TESTED

DIAGNOSTICS - RESTRICTED RANGE OF TEMPERATURE AND VIBRATION OPERATION
+ MAY NOT FULLY QUALIFY FOR FLIGHT, NOT PRODUCTION ITEMS

ITP.RJS91-001.18

& HIGH CAPACITY POWER NASA
ENVIRONMENTAL INTERACTIONS

BASELINE « ATOMIC OXYGEN, CO2 ION, AND CO TESTING OF POWER SYSTEM
MATERIALS FOR MARTIAN SURFACE APPLICATIONS

AUGMENTATION + TESTING FOR PASCHEN BREAKDOWN OF HIGH VOLTAGE POWER
SYSTEM GEOMETRIES IN LUNAR AND MARTIAN LOCAL ATMOSPHERIC
CONDITIONS (AND DUST)

FULL-UP « EPSAT - BASED MODELLING OF POWER SYSTEM INTERACTIONS

WITH ION THRUSTER EFFLUENTS, ETC.

* MODEL/CORRELATION OF SYSTEM BEHAVIOR FOR LUNAR AND
MARTIAN ENVIRONMENTS

JW91.02 1pm

PTR-44



—eeeee—eee F XPLORATION TECHNOLUGY =

RELATED EFFORTS

» JPL BASE R&T EFFORT ON SILICIDE THERMOELECTRICS WITH
POTENTIAL ORDER OF MAGNITUDE IMPROVEMENT IN Z

» DOE SOLAR STIRLING DEVELOPMENT - 1050K, 25 kWe/CYLINDER

» GE SP-100 CONTRACT FOR THERMOELECTRIC MODULES (Z = .85)
AND SPACE RADIATORS

+ DOD DEVELOPMENT OF SURVIVABLE SPACE RADIATOR TECHNOLOGY
- CODE DEVELOPMENT
. DOD DEVELOPMENT OF RADIATION HARD SENSOR TECHNOLOGY

» DOD DEVELOPMENT OF EARTH ORBITAL ENVIRONMENTAL INTERACTIONS
MODELS/EXPERIMENTS - EPSAT

ITP RJS91-001.§

FOCUSED TECHNOLOGY: Hlur CAPACITY POWER

SUMMARY

+ IMPACT:

- Advanced conversion {Stirfing/Thermoelectric) coupled to an SP-100 reactor will provide the enabiing
technology for the development of lunar and Mars surface power systems

+ USER COORDINATION:

- SEl technology requirement for Surface Systems and NEP being developed co-operatively with RP, RZ, JSC
PSS - - High Priority in RZ

- Planetary science requirements being developed with OSSA and with JPL

+ OVERALL TECHNICAL AND PROGRAMMATIC STATUS:

- Significant progress in all areas including Conversion Systems, Thermal Management, PMAD, Space
Environment, and Materials Development

- Stirling cold end component test successtul at 525 K

- Some program elements have been delayed by compiex component fabrication issues and subscale
feasibility tes! delays - - major oul-year milestones not yet delayed

« MAJOR TECHNICAL/PROGRAMMATIC ISSUES
- Lack of clear user commitment has delayed nudear heat source development

- Development/qualification of seven-year liletime systems and technology 1o facilitate fifteen 1o twenty year
overall lifetime

JMWS1-005.4
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EXPLORATION TECHNOLuUuY=

HIGH CAPACITY POWER

CONCLUDING REMARKS

« HIGH CAPACITY POWER
- BROAD-BASED PROGRAM
- KEY ELEMENTS
- SIGNIFICANT PROGRESS TO DATE
« CURRENT PROGRAM MEETS MANY KEY MILESTONES

« STRATEGIC PROGRAM NECESSARY TO BRING ALL
PROGRAM ELEMENTS TO FRUITION

+ AUGMENTED PROGRAM PROVIDES EARLY 1050K
STIRLING ENDURANCE TEST, PLUS DESIGN, FAB,

AND TEST OF A 1300K REFRACTORY STIRLING
AND SELECTED CRITICAL SUBSYSTEMS

TP.RJS91-001.11

PT8~46



EXPLORATION TECHNOLOGY =

SURFACE POWER

AND
THERMAL MANAGEMENT

BY

JOHN M. BOZEK
NASA LEWIS RESEARCH CENTER

ITP EXTERNAL REVIEW

JUNE 27, 1991 TP JMB91-002.1

EXPLORATION TECHNOLOGY =

| Surtace Power and Thermal Management |

OBJECTIVE SCHEDULE
+ Programmatic + 1993 Select RFC PEM Membrane(s)
Develop Solar-Based Power and Low-Grade Heat Thermal * 1934 gmﬂmghmd Modsl for RFC
Management Technologies to Support Lunar and Mars * 1995 ch"ga vel Cel
Surlace Sysiem Operations So% | °"°'°‘em in Cryo Heat Pioes
+ Technical + 1996 300% Heat Pump Improvement
Stable Electrical Transmission
Power System - 25 kWe @ 3 We/kg (Lunar), 8 We/kg (Mars) Fuel Col Stacks Fabricated
Fuel Cell Life - 20,000 hrs operational fife . 1997 g.vooo hrs on Fuel Celf Stack ':‘{SOA Electrolyzer
RFC Energy Density - 500 to 1000 W-hrkg . 1008 1 y’c‘u‘“? m”s'm‘“e“m' "E""E
Thermal Ops. - 60K to 400K with Long Llfe Ground Vertfication of RFC/TPM
Photovoltaics - 2300 Whg (AMO) TPM Fight Experment Design
. Compiete RFC B-8 T _FUELTanks,
Electrica - $55kg/kWe " 7000 GreatBoas suomEC A TORC.
3 Wikg, 20,000 hr Luner Power System Reference Design
RESOQOUR POTENTIAL PARTICIPANTS
CURRENT ax RATEG! + Lewis Research Center .
Lead; S , EPM, Thermal Mgt., PV
£1991  $06M  § O6M $ 06M #ad; Analyss, Energy Storage Mo
» 1992 $ OM $ OM $ OM + Jet Propulsion Laboratory ‘
Supporong PV Arays, , , Therma M
11993 § OM  $34M $ 50M ng PV Antays, Energy Storage, Araysss ¢
+ 1994 $ OM $90M $HT7M + Johnson Space Cenler
Thermal
£1995  § OM  $126M $185M Supporong Energy Storage & Themnal Mgt
- 1996 $ OM $14.0M $242M + Goddard Space Flight Center
<1997 § OM $18.0M $253M Supporing Low-Temperatuse Thermal Mgt
+ BTC $ OM $90M $350M + Los Alamos National Laboratory
Supporang Energy Storage Component Testing

MP.JMB91-002 2
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EXPLORATION TECHNOLOGY =

SURFACE POWER AND THERMAL MANAGEMENT
WHATISIT?

FOCUSED TECHNOLOGY PROJECT (ELEMENT OF EXPLORATION TECHNOLOGY PROGRAM)
FOCUSED ON EXTRATERRESTRIAL SURFACES (LUNAR & MARS)
FOCUSED ON SOLAR-BASED POWER (REGENERATIVE)
FOCUSED ON ENERGY STORAGE (REGENERATIVE FUEL CELLS)
FOCUSED ON POWER GENERATION (PHOTOVOLTAICS)
FOCUSED ON ELECTRICAL POWER MANAGEMENT (TEMP.& POWER)
FOCUSED ON THERMAL POWER MANAGEMENT (3Rs)

FOCUSED HARDWARE THAT IS SCALABLE TO NEEDS (TesT BEDS)

TP JMB91-002.17

—eeee EXPLORATION TECHNOLOGY =

SURFACE POWER AND THERMAL MANAGEMENT

PROJECT SUPPORTS EXPLORATION PROGRAM

THRU
FOCUSED TECHNOLOGY VERIFICATION
OF
ALL SOLAR-BASED POWER SYSTEM TECHNOLOGIES
AND

LOW-GRADE THERMAL MANAGEMENT TECHNOLOGIES

TP.JMB91-002.3

PT9-2



EXPLORATION TECHNOLOGY =

SURFACE POWER AND THERMAL MANAGEMENT

OBJECTIVE

DEVELOP SOLAR-BASED POWER AND THERMAL

MANAGEMENT TECHNOLOGY TO A LEVEL OF
READINESS SUFFICIENT TO ENABLE OR ENHANCE

EXTRATERRESTRIAL SURFACE MISSIONS IN THE

21st CENTURY

TP JMB91-002 7
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EXPLORATION TECHNOLOGY=

SURFACE POWER AND THERMAL MANAGEMENT

GOALS
POWER SYSTEM
0.1 Wikg LUNAR >, 3 Wikg
2.0 Wkg MARS — 8Wikg
NARMAR
30 to 90 DAYS ——”—’———LHE > UPto5 YEARS

THERMAL MANAGEMENT

LUNAR N
21 kghWr === TkgWr

N
6 koW 160 K HEAT PIPES 7 0.3 kg/Wt

AN
17 kg7 80 K HEAT PIPES 7 5 kg/Wh
3/ « SIPHONS
400K « STORAGE
. HEAT PIPES, PUMPS
- OTHER YTP.JMBS1-002.8
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EXPLORATION TECHNOLOGY =

SURFACE POWER AND THERMAL MANAGEMENT

TECHNOLOGY CHALLENGE

« COMPATIBLE TECHNOLOGIES FOR INTEGRATED SYSTEM
+ LONG LIFE RFC WITHOUT SACRIFICING PERFORMANCE
+ HIGH POWER DENSITY, ROBUST PHOTOVOLTAICS

« LOW MASS, RELIABLE, ENVIRONMENTALLY COMPATIBLE
ELECTRICAL SUBSYSTEM

 LOW MASS, LONG LIFE, HIGH PERFORMANCE THERMAL
REJECTION, RETENTION, AND REDISTRIBUTION

TP.JMB91.002.11

e EXPLORATION TECHNOLOGY =

SURFACE POWER AND THERMAL MANAGEMENT
STRATEGIC PROGRAM ELEMENT

+ SYSTEM INTEGRATION

- TRADE STUDIES: INNOVATIVE TECHNOLOGY FEASIBILITY
+ REFERENCE DESIGNS  [3 W/ (Lunar); 8 WAg (Mars))

+ ENERGY STORAGE (RFC's)
- SUEL CELLS [Lite/Efficiency]
. ROLYZERS [Lile/Efficiency]
- REACTANT STORAGE [LileMass/Volume]

- TEST BEDDED SUBSYSTEM  [Life/Performance)

+ POWER GENERATION (PV's)
« CELLS [Life/Efficiency]
- BLANKET  [Mass)
- STRUCTURE {Depioyment)
- SCALABLE ARRAY PERFORMANCE [AMO/Vacuum/Thermal]

+ ELECTRICAL MANAGEMENT

- INTEGRATION OF POWER SUBSYSTEMS {Mass, Temp., Efficiency, Reliabifity]
- TRANSMISSION, DISTRIBUTION AND CONTROL [Mass, Temp., Autonomy, Environment]
- TEST BEDDED SUBSYSTEM
+ THERMAL MANAGEMENT
- MODELING [Requirements)
- COMPONENTS (Rejection, Retention, Redistribution)
- TEST BEDDED SUBSYSTEM &RFC, EPM/TDAC, Science)
- FLIGHT EXPERIMENT WHERE NECESSARY TP 891002 13
PTS-5 QR AL ©ivm S
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EXPLORATION TECHNOLOGY=
SURFACE POWER AND THERMAL MANAGEMENT

TECHNOLOGY PLAN
ACTIVITIES 1993 | 194 | 1995 132019% R 1097 S 1998 Seoo o 1999
SCALABLE TEST BEDDED HAROWARE

ENERGY STORAGE

RFC TECHNOLOGY FUEL CEU ncrovan |

RFC COMPONENTS Vuowe [ o _——— W ]

RFC SUBSYSTEM [om———wte ke ——w

SUPPORTING TECHNOLOGY T r— -
POWER GENERAT!

PV CELL TECHNOLOGY i TSI —rw ]

PV BLANKET TECHNOLOGY [T owwmssconcet T anes |

PV ARRAY TECHNOLOGY [ smenme___— wearveancinon |
ELECTRICAL MANAGEMENT

EPM DESIGN NOATECTIRE |

EPM COMPONENT TECHNOLOGY e e AEPACENY woeen |

EPM SUBSYSTEM s BANTGMNON __—— F vo¥ vercanow |

TRANS., DIST. & CONTROL o Te T v ey
THERMAL MANAGEMENT

REC =r P TN SN W1 vssvg

EPM [Thoars __—"  cow Evauwmon T ~ st |

SCIENCE [ wnrarsesmes __— chuoow " UGN P ESGN

ITP.JMB91-002.15

- FXPLORATION TECHNOLOGY=

SURFACE POWER AND THERMAL MANAGEMENT
SUMMARY

IMPACT:
. PROVIDES FOR EARLY DEPLOYMENT OF NEEDED POWER FOR LUNAR BASE
. MEETS MASS, VOLUME AND OPERATIONAL CONSTRAINTS
. SYNERGISTIC WITH MARS MISSION

USER COORDINATION:

. CODE RZ: OAET/SPACE EXPLORATION: PSSIJSC
- CODEM: OFFICE OF SPACE FLIGHT (OSF)
. CODES: OFFICE OF SPACE SCIENCE AND APPLICATION (OSSA)

OVERALL TECHNICAL AND PROGRAMMATIC STATUS:

- CRITICAL SYSTEM ELEMENTS IDENTIFIED

. PEM FUEL CELL LIFE {>1000 HOURS)

- RETRENCH TO BASE R&T IN Y92

. SYNERGISTIC PROGRAMS ADVANCING TECHNOLOGY OUTSIDE AGENCY

MAJOR TECHNICAL/PROGRAMMATIC ISSUES:

- REQUIREMENTS EVOLVING
- NUCLEAR (REACTOR/DIPS) AVAILABILITY

TP.JMB91-002.16
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EXPLORATION TECHNOLOGY =

TECHNOLOGY BACK-UP

MP.UMB91-002 19

EXPLORATION TECHNOLOGY=

SURFACE POWER AND THERMAL MANAGEMENT

REGENERATIVE FUEL CELL vs BATTERIES
MASS COMPARISON
! f I —{ cavorec

ADV. BATTERY
NEAR TERM BATTERY

e

o o)
v .

P O

KPS SOA BATTERY
& )~ O

ENERGY DENSITY, Watt-Hours/kG

10 150 10'(!] 10000
CHARGE TIME = DISCHARGE TIME, Hours
DISCHARGE = CHARGE TIME TECHNOLOGY OF CHOICE *
< 1HOUR BATTERIES
> 1 HOUR but < 10 HOURS BATTERIES or GAS RFC
> 10 HOURS but <100 HOURS GAS RFC or CRYO RFC
> 100 HOURS CRYO RFC
+ CHOICE BASED ON WASS OF ENERGY STORAGE SYSTEM ONLY TP.JMB91-002.9

PT9-7



-———EXPLORATION TECHNOLOGY=

SURFACE POWER AND THERMAL MANAGEMENT

PT9-8



SURFACE POWER AND THERMAL MANAGEMENT

EXPLORATION TECHNOLOGY=

PMAD ELEMENTS
(EPM and TD&C)
[ B
N ~ SYSTEM
~ CONTROL
~
~
o OTHER SOURCES
~
~
- POWER
GENERATION mpo'i‘é:m —)l msnccnne&m\s rnmwssm]—){usrmam]-)m(:mm LOAD
CONTRQL \ ~ < CONTRQL
~
~
Therua
4 MANAGEMENT
e EPM . TD&C
L N
STORAGE

EPM: 110 kg/kW —> 55 kg/kW
TD&C : MISSION DEPENDENT

PT9-9
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET ======  POWER AND THERMAL MANAGEMENT .

SPACE PLATFORMS FOCUSED TECHNOLOGY PROGRAM
POWER AND THERMAL MANAGEMENT

PRESENTATION TO:
THE ITP EXTERNAL EXPERT REVIEW TEAM

RONALD C. CULL

JUNE 27, 1981

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

==QAET % POWER AND THERMAL MANAGEMENT #=

AGENDA

THE PROBLEM

HOW ADDRESSED
MARKET SURVEY
WHAT'S NEEDED

WHAT IMPACT

HOW DO WE GET THERE

RCTP91 01-13a pm

PT10-1



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET======  POWER AND THERMAL MANAGEMENT |

THE PROBLEM

+ ENERGY IS CRUCIAL FOR ALL ACTIVITIES IN SPACE
- ELECTRICAL POWER
- THERMAL MANAGEMENT

« EXTREMELY COSTLY
- $600 - BOO/KW hr.

« NEW MISSIONS REQUIRE CONSIDERABLY MORE

- SSF
- EOS
- ADTRSS

RCATPS1 0116 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

====QAET s/ POWER AND THERMAL MANAGEMENT e
POSSIBLE SOLUTIONS

» CUT BACK MISSION RETURNS

- TIME AVAILABLE
- QUANTITY

- QUALITY

- LIFETIME

+ MAKE USER MORE EFFICIENT

- HIGHER EFFICIENCY LOADS
- LOAD SCHEDULING AND MANAGEMENT

+ IMPROVE TECHNOLOGY

- MASS
- EFFICIENCY
- COST

ACTPYI 01-17 pm
PT10-2



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
==—OAET======  POWER AND THERMAL MANAGEMENT |
SPACE PLATFORM
ﬁ BACKBONE FOR ACTIVITIES IN SPACE
/ POWER &
PROPULSION
[ e\ i
SPACE PLATFORM PAYLOAD

N2

—

o (3>

RC-ITP91 018 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET =======  POWER AND THERMAL MANAGEMENT ==

LOAD MANAGEMENT IMPACT

(SSF EXAMPLE)
CAPACITY ELEMENT MASS
(kW) (kg)
BX9375 75 GENERATION PC&C 1m0 [ ]
8 X125 100 STORAGE PC&C 1950 [
BX125 100 INTERCONNECT 740 ]
8X125 100 PRIMARY DISTRIBUTION 583
32 X125 400 SECONDARY - « 6177 ]
< 2000 LOADS PC&C 5500 l

0 20 30 40
% OF PCCAD MASS

ACC-91Q01
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET======  POWER AND THERMAL MANAGEMENT e

PHILOSOPHY

* SCOPE OF NEAR EARTH SPACE ACTIVITIES DETERMINED BY
FEDERAL BUDGET REALITIES

» TECHNOLOGY CAN BROADEN SCOPE WITHIN CONSTANT BUDGET
- NUMBER OF MISSIONS

- LIFE OF MISSIONS
- QUALITY OF MISSIONS

+ PLATFORM TECHNOLOGY THRUSTS SHOULD FOCUS ON
BROADENING SCOPE

- TOWARD LONG LIFE
- TOWARD IMPROVED PERFORMANCE
- TOWARD LOW COST

RC-ITPR1 01-3pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

====QAET ===y POWER AND THERMAL MANAGEMENT |

PHILOSOPHY
(CONT.)

+ MANY TECHNOLOGIES CURRENTLY UNDER DEVELOPMENT
- LEVEL OF EFFORT INADEQUATE FOR TIMELY DEVELOPMENT
- UNFOCUSED

« SPACE PLATFORM TECHNOLOGY PROGRAM SHOULD FOCUS ON
THOSE TECHNOLOGIES THAT:

- MAKE SIGNIFICANT IMPACT
- BROADLY APPLICABLE
- CAN BE READY IN TIME

RC.(TP91 01-4 pm

PT104



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===OAET=====|  POWER AND THERMAL MANAGEMENT |

PROGRAM FORMULATION

IDENTIFY MARKET (USERS)

DEFINE POWER AND THERMAL REQUIREMENTS
- MISSION DOMAINS

- MISSION UNIQUE
ASSESS TECHNOLOGY IMPACT

IDENTIFY CRITICAL TECHNOLOGY

OUTLINE TECHNOLOGY DEVELOPMENT PLANS

- INTEGRATED OBJECTIVES

- ROADMAPS

- FUNDING REQUIREMENTS

- MILESTONES & DELIVERABLES

AC-1TP9101-5pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===OQAET m======  POWER AND THERMAL MANAGEMENT |

MARKET

APPLICATIONS

- EARTH OBSERVING (EOS)
- ADVANCED COMMUNICATIONS (ATDRSS)
- ADVANCED SPACE STATIONS (SSF)

MISSIONS

- MANNED/UNMANNED
- CIVIL/COMMERCIAL

ORBIT REQUIREMENTS

- LEO—>GEO
- EQUATIONAL —> POLAR

POWER LEVELS
- 10's W —>10's kW

PT10-5 RC-ITP9Y 01-40 pm
T40-



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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SYSTEM REQUIREMENTS

« NEED TO SIGNIFICANTLY IMPROVE NEW SYSTEM DRIVERS

- LIFE

- RELIABILITY

- MAINTAINABILITY
- ADAPTABILITY

WHILE MAINTAINING/IMPROVING TRADITIONAL DRIVERS

- MASS
- EFFICIENCY
- COST

BY IMPROVING TECHNOLOGY

BY ADDING ATTRIBUTES

- RECONFIGURABLE

- SERVICEABLE

- FAULT TOLERANT
- - AUTONOMOUS

RC-ITP9101-6 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
===QAET =======  POWER AND THERMAL MANAGEMENT |r——eee
NEW REGIME
T
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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DEDICATED vs UTILITY POWER SYSTEMS

REQUIREMENTS
CHARACTERISTIC |DEDICATED | UTILITY
Source Capacily 1-10 kW kW - MW
Source Number 1-2 Uulliple

Growth No Yes
Lifetime Fixed Extendible
Repairable No Yes
Load/Source Cap. -1 »1
Physical Size Small Large
Flexibility Loads fixed | Loads vary
Manned No Yes

APPROACH

EDICATED

FOCUS ON MEETING
+ MISSION SPECIFIC REQUIREMENTS
* ADAPT EXISTING SPACECRAFT BUS

umLiTy
+ FOCUS ONMAJOR SYSTEM ELEMENTS
- GENERAL REQUIREMENTS
- FUNCTIONS
- MUTUAL COMPATBILITY

¢ COMBINE MODULAR ELEMENTS
* INCLUDE REQUIREMENTS FOR
- REPARS
- USER TRANSPARENCY
- EVOLUTIONARY DEVELOPMENT

UTILITY APPROACH INCREASES DDT&E COSTS
BUT BROADENS APPLICABILITY AND LOWERS LIFE CYCLE COSTS.

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

=0AET%

RCC910Q012

POWER AND THERMAL MANAGEMENT ==

TECHNOLOGY ASSESSMENT
UIFE SYSTEM COST
LONGEVITY OBSOLESCENCE DISCRETE DESIGN UNIVERSAL DESIGN
\ VALIDATED, ROBUST, /
COST EFFECTIVE,
LONG LIFE
/ SYSTEMS ~_
PERFORMANCE TESTING/DEMO
WEIGHT A EFFICIENCY GROUND IN-SPACE
RC{TP91 01-14 pm

PT10-7



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET =======  POWER AND THERMAL MANAGEMENT |

PLAN

FOCUS ON MISSIONS
USE BASE PROGRAM TECHNOLOGY
ENHANCE TECHNOLOGY DEVELOPMENT

- TIMELINESS
- DEVELOPMENT LEVEL

DEMONSTRATE AT SYSTEMS LEVEL
MOVE INTO FLIGHT PROGRAM

RC-ITP91 01-19 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===OQAET ======={  POWER AND THERMAL MANAGEMENT |

SPACE RESEARCH AND TECHNOLOGY uOAL

TO ENSURE THE EFFECTIVE TRANSFER OF TECHNOLOGY TO MISSION
APPLICATIONS BY CONDUCTING FOCUSED TECHNOLOGY PROGRAMS,
WITH NEGOTIATED AND COORDINATED USER HAND-OFF AGREEMENTS
WITH THE OTHER PROGRAM OFFICES IN NASA.

RC-ITP91.01-11.pm

PT10-8



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET======  POWER AND THERMAL MANAGEMENT |

OBJECTIVES SCHEDULE
* Programmatic 1996 - Demonstrate 300 W/kg planar PV, 100 W/kg InP
Develop and demonstrale integrated power and concentrator module ~
thermal management technologies for near earth missions. 1996 - Ground test cryogenic capillary pumped loop
T . 1997 - Demonstrate advanced PMAD integraled avionics system
+ Technical 1997 - Ground demo, inlegrated 2 kW solar dynamic system
- Reduce array area by 30% with 3X increased rad. tolerance 1998 - Demonstrate 1-2 kg/m 2 thermal management system
- IXincrease In battery energy density 1998 - Complete advanced EPSAT
- 2X reduction in PMAD system mass 1999 - Demonstrate flight weight 100 Whg battery
- 2X reduction in radiator mass and area 2000 - Demonstrate durabie high temp. electronics subsystem
- Extend lifetimes to 15-30 years {200-600 °C)
RESQURCES® CURRENT STRATEGIC PARTICIPANTS
+ 1991 + Goddard
+ 1992 --- Responsibility includes cryogenic bus technology and low
« 1993 $ S5.1M temperature thermal management subsystems
+ 1994 $ 102M « JPL
+ 1995 $ 135M Responsibility includes lightweight planar PV and fithium
« 1996 $ 143M battery technology and integrated PICs
+ 1997 $ 147M + LeRC

Responsibility indudes concentrator PV, InP cells, lightweight
Ni/H2 and Na/S, batleries moderate and high temperature

*Includes both Earth Orbiting Platforms and Space Stations radiators, integrated autonomous PMAD and high temperature

electronics, solar dynamic system
) RC-ITP91 011 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

==0AET % POWER AND THERMAL MANAGEMENT %

OBJECTIVE

PROVIDE THE TECHNOLOGY TO MEET POWER SYSTEM REQUIREMENTS FOR FUTURE
NEAR EARTH SPACE MISSIONS, INCLUDING GROWTH SPACE STATIONS AND EARTH
ORBITING SPACECRAFT.

TECHNOLOGY AREAS:

- PHOTOVOLTAIC ENERGY CONVERSION (CELLS/ARRAYS)
- THERMAL ENERGY CONVERSION (SOLAR DYNAMIC)

- CHEMICAL ENERGY STORAGE (BATTERIES)

- POWER MANAGEMENT AND DISTRIBUTION

- THERMAL MANAGEMENT AND DISTRIBUTION

RC-(TP91 01-12 pm

PT10-9



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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POWER AND THERMAL SUBSYSTEMS
(ENERGY FLOW)

RADIATOR

t

> TMAD =

A A

SOURCE —> PMAD > USER (LOAD)

STORAGE

RC-1TP9101-13 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET ====== POWER AND THERMAL MANAGEMENT ==

APPLICATIONS INVESTIGATED

- EOS
TDRSS
SSF

RC-TP91 01.9 pm
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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TRACKING AND DATA RELAY SATELLITE SYSTEM
WET MASS

4.08%

2.03%

27.51%

20.89% FUEL

POWER
PAYLOAD

TRACKING
ATTITUDE

STRUCTURE
THERMAL

PROPUSLION

FUEL

9--

TOTAL MASS = 2123 kg

4.55% L

OzegoEase

2.94%

18.11%

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

====QAET ======  POWER AND THERMAL MANAGEMENT |

PROPULSION AND POWER DRIVERS ON ATDRSS

IMPROVEMENTS IN PROPULSION AND POWER CAN
SIGNIFICANTLY IMPROVE ATDRSS

REMAINDER

PROPULSION
OF ATDRSS ||+ "AND -
PLATFORM [|__POWER

J

PROPULSION AND POWER COMPRISE
ABOUT ONE-HALF OF THE TOTAL MASS
OF ATDRSS

A 2X IMPROVEMENT IN
PROPULSION AND POWER
WOULD DOUBLE THE .
PAYLOAD ON ATDRSS

RCTPS1 01-33 pm
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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ELECTRICAL POWER SYSTEM WEIGL.TS

| seitery
W e wre
B e
Power ORI
0O s 00Us

TOTAL EPS WEIGHT IS 3264.8 lbs (1484 kg)

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===Q/ET === POWER AND THERMAL MANAGEMENT |y

PHOTOVOLTAIC ENERGY CONVERSION

‘ OBJECTIVE

PROVIDE THE TECHNOLOGY FOR PHOTOVOLTAIC ARRAYS WITH IMPROVED
CONVERSION EFFICIENCY, REDUCED MASS, REDUCED COST, AND
INCREASED OPERATING LIFE FOR ADVANCED SPACE MISSIONS

SPECIFIC LONG-RANGE GOALS ARE TO DEVELOP THE TECHNOLOGY BASE
FOR PHOTOVOLTAIC ARRAYS WITH SPECIFIC POWER OF 300 Wkg WITH
SUBSTANTIAL REDUCTIONS IN SIZE, COST, AND INCREASES IN
END-OF-LIFE POWER CAPABILITY

((_vectiNoLoGY aEAs )

« ADVANCED PHOTOVOLTAIC CELL TECHNOLOGY
« HIGH-PERFORMANCE ARRAYS
+ HIGH-POWER ARRAYS

AC-ITP91.01-20 pm

PT10-12



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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EOS POWER TECHNOLOGY

EOS (SAFE BASELINE) APSA (Si)
77 WikKg

PV
CONCEPT
ADVANCED! FOR EOS
APSA (InP) PLATFORMS

99 W/Kg

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===QAET ======  POWER AND THERMAL MANAGEMENT e

OBJECTIVE

TO DEVELOP AN ULTRA-LIGHT-WEIGHT, HIGH PERFORMANCE, ADVANCED
DEPLOYABLE PHOTOVOLTAIC ARRAY DESIGN THAT WILL BE SUITABLE FOR A
BROAD RANGE OF LONG-TERM NASA AND U.S. COMMERCIAL SPACE
APPLICATIONS FOR THE PERIOD BEYOND 19390

NEAR-TERM SPECIFIC POWER: 130 Wikg*
LONG-TERM SPECIFIC POWER: 300 Wikg*

*BOL ARRAY POWER FOR GEO

RC-ITP91 0145 pm
QRIGINAL PACE 15

PT10-13
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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APSA ARRAY FOR EOS
+ Thin silicon cells, 13.5% eff « Graphite/epoxy structure
+ Retractable » Fiberglass boom
» Carbon-loaded Kapton blanket + Aluminum canister
66 m
N Peformance
T AT R Without Solar Array Drive Assembly (SADA)
. Specific Power = 96 Wikg o
_ LEADEn s Power Densily = 94 Wim2=> .10/. cont.

Specific Power 88 Wikg > 20% cont.
Power Density = 94 Wm2

With SADA/Boom (27 kg allocation)

Specific Power 84 Wikg
Power Density 94 Wim2—> 10% cont.

Specific Power
Power Density

77 W/kg o,
94 W/m2> 20% cont.

24 m for 63 cell-covered

| -

and 3 blank leader paneis

AREA ABOUT 82% OF
*-EOS ARRAY .

) ?‘\i

Peo‘_ - 13,136w
(5 year/705 km/98 deg incl.)

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

“==OAET======]| POWER AND THERMAL MANAGEMENT e

ELECTRIC POWER SYSTEM WEIGHTS

ADVANCED PHOTOVOLTAIC SOLAR ARRAY (APSA)
SAVES 297.3 kg (654 1b)

PT10-14




SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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ADVANCED PHOTOVOLTAIC SOLAR ARRAY

+ GOAL: 10X IMPROVEMENT IN PHOTOVOLTAIC ARRAY DESIGN

- ACHIEVED NEAR-TERM GOAL OF 130 W/kg
- WORKING TOWARD LONG-TERM GOAL OF 300 Wikg

* LABORATORY VERIFICATION WITH PROTOTYPE BLANKET ASSEMBLY AND
LIGHT-WEIGHT MAST SYSTEM

- 2X IMPROVEMENT OVER SAFE ARRAY AND 3X-4X IMPROVEMENT
OVER CURRENT RIGID-PANEL ARRAYS

+ PLAN TO COMPLETE PROTOTYPE COMPONENTS AND CONDUCT
FUNCTIONAL TESTS

ACTIVE INVOLVEMENT OF USERS WILL ENSURE TIMELY
COMPLETION TO MEET LAUNCH DATES
- N R AR T e 7

RC-ITP91 01-84 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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EVOLUTION OF PLANAR ARRAY SPECIFIC POWER

400 -

B E
300 E N
G D

SPECIFIC |
POWER . N O
Whkg 200 IN F
G L
|
0O F
100 - F E

L

i

0 E

EOS

RC-ATP91 0122 pm
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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CONCENTRATOR TECHNOLOGY

WER
LeRC MINI-DOME FRESNEL LENS T ECHNOLOGY
CONCENTRATOR ELEMENT DivisioN

RC-TP91 0148 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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EVOLUTION OF ARRAY POWER DENSITY

POWER
DENSITY
wM2

RCTP91 01-230m

PT10-16
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Overview and Resources

Jechnology Program; Space Platlorms WBS No.: 694-11.05
Technology Area; Earth Orbiting Platforms
Technology Element; Power
Technology Sub-Element; Power Generation (Photovoliaic)
Miesiones:
1996 300 wikg planar blanket fabricaled
1996 100 w/kg InP concenlrator panel demo

1998 Demo thin film cefl array > 300 wikg
1998 Demo 50 w InP concentrator module through environmental testing

1991 1992 1933 1994 1995 1996 1997 1998 1999 2000
B&D Resources: 0 0 06 13 1.9 23 25 33 0 0
CofF {$M) ] 0 0 0 0 0 0 0 0 0

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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CHEMICAL ENERGY CONVERSION

‘ OBJECTIVES

PROVIDE THE TECHNOLOGY BASE FOR ADVANCED
ELECTROCHEMICAL ENERGY CONVERSION AND STORAGE
SYSTEMS REQUIRED TO SUPPORT THE LOW TO HIGH POWER
NEEDS OF FUTURE MANNED AND UNMANNED SPACE
APPLICATIONS, THE CYCLE LIFE REQUIREMENTS OF
LOW-EARTH-ORBIT (LEO) SYSTEMS

@ TECHNOLOGY AREAS )

+ SECONDARY BATTERIES
+ ADVANCED ELECTROCHEMICAL ENERGY STORAGE

RC-TPY1 0148 pm

PT10-17



PROGRESS IN EN‘ERGY STORAGE

| Eos Nickel-Hydrogen Advanced Nickel-Hydrogen
200 W-hr}ﬁg) | (24 W-hr/Kg)

P Future Applications '
R _Chemical Energy Storage remas
A (>40 W-hr/Kg)

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

LIGHT-WEIGHT NiH, CELLS NEAR-TERM ADVANCEMENT OF
PROVEN TECHNOLOGY

OBJECTIVES

« IMPROVED SPECIFIC ENERGY CELLS
» IMPROVED SPECIFIC VOLUME CELLS

APPROACH

« COMPUTER-AIDED DESIGN OPTIMIZATION
« TECHNOLOGY DEVELOPMENT

- LIGHT-WEIGHT NICKEL ELECTRODE
- OPTIMIZATION OF KOH CONCENTRATION

» VERIFICATION TESTING VIA BOILER PLATE AND FLIGHT-WEIGHT CELLS

RC-ITP91.01-25 pm

PT10-18



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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LIGHT-WEIGHT NiH, CELLS NEAR-TERM ADVANCEMENT OF PROVEN TECHNOLOGY
{Continued)

GOALS
+ 2.0 x SOA SPECIFIC ENERGY

» 1.2 x SOA SPECIFIC VOLUME

« ENHANCED LEO AND GEO MISSIONS, SUCH AS:

- SSF

- PLATFORMS

- SPACE TELESCOPE

- COMMUNICATION SATELLITES

RC-TP91 01-50 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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ELECTRICAL POWER SYSTEM WEIGHTS

&

ADVANCED BATTERY TECHNOLOGY CAN SAVE ~227 kg (~500 1b)

PT10-19
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Overview and Resources

Jechnology Program; Space Plaiforms WBS No.: 634-11-06
Jechnology Area; Earth Orbiting Plallorms

Technology Element; Power

Iechpology Sub-Element Energy Storage

Mikesiones;

1995 Demo 100 Wivkg bollerplate cefis 1o 1000+ cydes (GEO) (U and NVH2)
1997 Define engineering model components for 150 Whg battery

1999 Demo 100 Wivkg Mightwelghl battery

2000 Demo 150 Wivkg {engineering model)

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
BaD Resources: 0 0 .0.7 t2 16 16 1.4 14 0 0
ColF ($M): 0 0 0 0 0 0 0 0 0 0

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===OQAET =======  POWER AND THERMAL MANAGEMENT e

THERMAL ENERGY CONVERSION

' OBJECTIVES

+ DEVELOP THE TECHNOLOGY BASE TO PROVIDE ADVANCED HIGH-EFFICIENCY,
HIGH-TEMPERATURE (1050 - 1400 K), LONG-LIFE SOLAR DYNAMIC STIRLING/BRAYTON
POWER SYSTEM FOR A WIDE RANGE OF NASA AND COMMERCIAL SPACE POWER
NEEDS

((_TecOLOGY AREAS )

* HIGH-TEMPERATURE SOLAR DYNAMICS

ACATPY1 01.27 pm

PT10-20



(INCLUDES SPACE STATIONS;
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SPACE STATION FREEDOM

THERMAL ENERGY CONVERSION

MISSION & BENEFITS
- EARTH ORBITING PLATFORMS -

QUAULITATIVE BENEFITS
» MORE FLEXIBILITY
+ LONG LIFE COMPONENTS
+ LESS DRAG
+ LOWER MASS
+ LOWER RECURRING COSTS
+ LESS AGGREGATE EVA

UA VE BENEFIT
w ¥s. Soler Dynamie

. 1990 3% 91,900
- 4 VE Bund
s_ g 4 81018
| Oowes Sver Pene Vs 01 e
< o—e n 3083 L7 -
! — 1 T wniseven
- 0,
.~
Vd
7V
R NN AN A SN BE e BN BN am
Time (Voare)

] : Diep shunngs batwann 1900 and 1999 be dum o SO bl enet.
Curvee buued Sumvesd 16.75 4 PY and 23 AW 5B puwer meduive, (b ¢ butuneod shetiug -
*—:..-‘—'hh_-h—-':np—n :CQI-OOL‘

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

s OAET =l

POWER AND THERMAL MANAGEMENT g

TECHNOLOGY ISSUES

SYSTEM LEVEL

* SOLAR DYNAMIC SYSTEM INTERACTIONS
* SCALABILITY
« POWER SHARING (AC & DC) SOURCES

SUBSYSTEM LEVEL

« CONCENTRATOR » HEAT RECEIVER
- FABRICATION PROCESSES - HOT SPOTS
- OPTICS - THERMAL RATCHETING
- DEPLOYMENT

+ RADIATOR

« PCU - NONE
- START-UP
- TRANSIENT OPERATION + CONTROLS
- OFF-DESIGN OPERATION - PARALLEL OPERATION

- LOAD FOLLOWING

PT10-21
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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SOLAR DYNAMICS 2 kW GROUND TEST EXPERIMENT

FISCAL YEAR
ELEMENT 9 92 93 94 95 96

1. PROCUREMENT .
2. SYSTEM DESIGN & INTEGRATION
3. CONCENTRATOR
- DESIGN - 1
- ENGR. DEVELOPMENT -1
- FABRICATION -1
- TEST -1
4. HEAT RECEIVER
- DESIGN
- ENGR. DEVELOPMENT
- FABRICATION - I
- TEST -
5. PCU REFURBISH & TEST -t
6. TEST SUPPORT EQUIPMENT
- DESIGN B
- ENGR. DEVELOPMENT -1
- FABRICATION —t
7. INTEGRATED SUBSYSTEMS TESTS
8. SYSTEM INTERACTION TESTS

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Overview and Resources

Jechnology Progtam. Space Platforms WBS No.: 694-11-02
Technology Ares; Earth Orbiling Platlorms

Jechnology Element: Power

Technology SubrElement: Power Generation (Solar Dynamic)

Milesiones;

1994  Select Brayton or Stiding PCU

1995 Demo 30% efficient conceniralor cascade cell

1997  Demo 300 W/m?2 reraciive concentrator PV module (750 W)
1997 Ground demo 2 kW advanced solar dynamic system

1999 Identify system level SD issves

1991 1992 1993 1994 1935 1996 1997 1396 1999 2000
B&D Resources; 0 0 12 35 36 34 0 19 0 0
Col F {$M); 0 0 0 0 0 0 0 0 0 0

PT10-22
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

===OAET======{  POWER AND THERMAL MANAGEMENT e

POWER MANAGEMENT

‘ OBJECTIVES

» DEVELOP THE ELECTRICAL POWER SYSTEMS CONDITIONING, CONTROL, AND
DISTRIBUTION TECHNOLOGY NEEDED FOR EARTH ORBITAL SPACE MISSIONS

((TECHNOLOGY AREAS )

+ HIGH-VOLTAGE, HIGH-POWER SYSTEMS
+ HIGH-DENSITY POWER SYSTEMS
+ FAULT TOLERANT/POWER INTEGRATED CIRCUITS

AC-ITPY1 01.28 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

==—OAET======  POWER AND THERMAL MANAGEMENT |

HIGH POWER POWER
LIGHT-WEIGHT INTEGRATED
ELECTRICAL COMPONENTS CIRCUITS

POWER MANAGEMENT
&
DISTRIBUTION

AUTONOMOUS
POWER
SYSTEMS

EXTREMELY RELIABLE
FAULT TOLERANT
POWER CIRCUITS

RC-ITP91 01-29 pm

PT10-23
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

s OAET %

POWER AND THERMAL MANAGEMENT J==

EXISTING BATTERY ELECTRONICS j’\
£l BATTERY ASSEMBLY MASS (LBS.)
2ea BCR 26
2ea BDOR 52
2ea BIM 6
BCR || BCR || BOR || BDR BIM B8IM
POWER ORU TOTAL PER
POWER ORU 84
\\ ))
4 ADVANCED BATTERY \,\ ASSEMBLY MASS (LBS.)
ELECTRONICS 2ea BDC 24
FI BATTERY
T  rowen onu SIGNIFICANCE
8ch || epn EOS POWER SYSTEM MASS SAVINGS
. 50lbs PER POWER ORU OR 200ibs PER
I ] J PLATFORM.
\L ) L.
SPACE PLATFORMS TECHNOLOGY PROGRAM
EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
===QAET ===/ POWER AND THERMAL MANAGEMENT |
POWER SUBSYSTEM BLOCK DIAGRAM —:—%‘éz
) AUL AVING
REDUCE NUMBER OF POWER
BUSES FROM THREE TO TWO

® 2_PCs 4.41bs

® 3RPCs 231bs

® 1PCU 6.51Ibs

@® 15RBIs 30.0 Ibs

® ORU HARNESS 16.0 Ibs

SUBSYSTEM ORY PAYLOAD ORY |

TOTAL SAVINGS 59.2 bs (27 kgs)

NOTE; ORU #2 MAY BE ABLE TO BE ELIMINATED ENTIRELY, DEPENDING (N THERMAL CONSIDERATIONS.
IF ORU IS ELIMINATED ENTIRELY, THE WEIGHT SAVINGS WOULD BE 210 115 (95 kgs)

PT10-24
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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HIGH DENSITY POWER/POWER INTEGRATED CIRCUITS

Goal: Achieve high density power technologies of 10 W/in.3 by year 2000

STATE OF THE ART
DISCRETES: VOLUMEIMASS INTENSIVE

100 W
vV
dc SIC
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1 Wfin.3 IMPACT: B0% MASS REDUCTION
80% VOLUME REDUCTION
89% PARTS REDUCTION
Plan: Hold power system to 20% of total system 50% LOSS REOUCTION

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

——0AET ======{"  POWER AND THERMAL MANAGEMENT e

HIGH FREQUENCY POWER TECHNOLOGY
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SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
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HIGH TEMPERATURE POWER TECHNOLOGY

GOALS -
] — ! 2
. REDUCE RADIATOR WEIGHT IN SPACE SYSTEMS 8Y § «— :
RAISING OPERATING TEMPERATURE FROM 100°C TO 300°C u ES
. HOSTILE ENVIRONMENT TOLERANCE g :
L] IMPROVE RELIABILITY AND LIFETIME E‘ :
® HIGHER ENERGY DENSITIES » ';‘
L] LESS THERMAL MANAGEMENT REQUIREMENTS : 2

L3 REDUCE LAUNCH COST .

TEMPERATURE
TECHNQLOGICAL DEVELOPMENTS

o ADVANCED NATERIALS: DIELECTRICS, INSULATICH,
SEMICONDUCTOR, MAGNETICS

e COMPONENTS: CAPACITORS, INDUCTORS, SWITCHES,
TRANSISTORS, CABLES, TRANSFORMERS, CIRCUIT
BOARDS, INVERTERS, GEMERATORS, COMPUTERS

APPLICATIONS

® SPACE EXPLORATION AND DOD SYSTEMS
® SPACE NUCLEAR POWER
® ADVANCED ANRD CONVENTIONAL AlRCRAFT

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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CVD DIAMOND FILMS FOR HIGH POWER ELECTRONICS

SYNTHESIS
CHARACTERIZATION
& MODELLING
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AC-1TP91.01:30 pm
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(INCLUDES SPACE STATIONS)

POWER AND THERMAL MANAGEMENT P

Efficient, High Temperature Power for Growth Station

13%

///

Batteries

19 %

Present Power System Mases

¥ Electrical [}
kd(Pman) R

Fault Tolerant AC and Advanced PMAD Components
3%

Electrial

\\\\\\\\\

J15%

RCC-91001.3

EARTH ORBITING PLATFORMS

(INCLUDES SPACE STATIONS)
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SPACE-UTILITY/HIGH TEMPERATURE PMAD ROADMAP/SCHEDULE

SPACE
POWER
uniuITy

300°C
POWER
ELECTRONICS

RADIATION HARD
HIGH TEMPERATURE
POWER
ELECTRONICS

4

199211993
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UTIITY POWER DEMONSTRATION *
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200°C PMAD gt W 4

PMAD SYSTEM STUDIES

COMPONENTS

AlGaAs SWITCH *

SYSTEM DESIGN
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Overview and Resources

Technology Progtam; Spacse Platiorms WBS No.: 694-11-03
Jechnology Area; Earth Orbiting Platiorms

Technology Element; Power

Jechnology Sub-Element: Power Mgmt & Conlrol (Solar Dynamic)

Miesiones:

1994 Select PMAD architecture

1996 Demo prototype PMAD brassboard

1997 Demo mixed source operation

1998  Complele PMAD festbed

1999 Demo autonomous conirol, lautt lolerance, and reconfiguration

1991 1992 1990 1994 1995 1936 1997 199 1999 2000
BA&D Resources: 0 0 04 08 1.2 12 13 12 0 0
C ol F {$M); 0 0 0 0 02 02 03 0 [} 0

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Overview and Resources
Technology Program: Space Platiorms : WBS No.: 694-11-07
Jechnology Arep; Earth Orbiing Piaiforms
Jechnology Element: Power
Technology Sub-Element: Power Managemt. & Conrol (Pholovohtakc)

1994  Select PMAC architeciures; demo GIC EMI shieided electronics box
1995 Demo smart, long e components (PIC and other)

1996 Derno monolithic circuits

1997 Demo fauh lolerant PMAC breadboard

1397  Demo 200-600 C components/circuits

1998  Advanced EPSAT code

1993  Demo smart power backbone avionics sysiem

BA&D Respurces: 0 0 12 2 29 as 4.1 9 ¢ 0
Cof F (SM): 0 0 0 0 0 03 03 04 0 0

PT10-28
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THERMAL MANAGEMENT

‘ OBJECTIVES

+ DEVELOP THE THERMAL MANAGEMENT TECHNOLOGY FOR ADVANCED HIGH CAPACITY AND HIGH
PERFORMANCE THERMAL MANAGEMENT SYSTEMS FOR FUTURE NASA SPACE MISSIONS

*+ ENHANCE THE UNDERSTANDING OF FLUID BEHAVIOR AND DYNAMICS IN A REDUCED GRAVITY
ENVIRONMENT TO ESTABLISH RELIABLE PREDICTIVE MODELS AND DATA BASES FOR THE DEVELOPMENT
OF ADVANCED SPACE SYSTEMS. INTERESTS INCLUDE TWO-PHASE FLOW REGIME, LIQUID/VAPOR
INTERFACES AND FLOW BOILING

+ DEVELOP, ANALYZE, AND TEST VARIOUS THERMAL ENERGY MANAGEMENT CONCEPTS AND
COMPONENTS FOR APPLICATION TO FUTURE SPACECRAFT AND SPACE FACILITIES

(( TECHNOLOGY AREAS )

7

+ FILM CONDENSATION, FLOW BOILING * HEAT PIPES
AND TWO-PHASE REGIMES
» ADVANCED RADIATORS « HEAT PUMPS

RC-1TP91 01-83 pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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THERMAL MANAGEMENT

+ THE THERMAL MANAGEMENT SUB-ELEMENT WILL SUPPORT THE PLATFORM POWER
AND THERMAL MANAGEMENT BY PURSUING AN INTEGRATED PROGRAM WHICH
FOCUSES ON THE FOLLOWING ACTIVITIES:

MODULAR HEAT PUMPS (100 W TO 1 kW)
CRYOGENIC HEAT PIPES (60 - 80 K RANGE)
LIGHTWEIGHT MATERIALS

MINI CAPILLARY PUMPED LOOPS (<500 W)

RC-TPS1 0168 pm

PT10-29



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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BENEFITS TO SPACE STATION
- THERMAL MANAGEMENT -

THE THERMAL MANAGEMENT TECHNOLOGIES DEVELOPED IN THIS ACTIVITY WILL
PROVIDE THE FOLLOWING BENEFITS:

+ HEAT PUMPS - AS AN INTERMEDIARY BETWEEN A CENTRAL THERMAL BUS AND
A LOAD, A HEAT PUMP COULD ALLOW INDEPENDENT TEMPERATURE
CONTROL. THE SECOND, LOWER TEMPERATURE BUS, WOULD NOT BE
NEEDED. ALTERNATIVELY, LOWER TEMPERATURES ARE POSSIBLE.

+ CRYOGENIC HEATS PIPES - THESE COULD SERVE AS AN INTERFACE BETWEEN
CRYOGENIC SENSORS AND A CENTRAL BANK OF CRYOCOOLERS. THE
NUMBER OF SUCH COOLERS NEEDED WOULD THUS BE REDUCED, AND THEIR
ASSOCIATED VIBRATION AND EMI SEPARATED FROM THE SENSORS.

* LIGHT-WEIGHT MATERIALS - WEIGHT REDUCTION

+  MINI CAPILLARY PUMPED LOOPS - COULD PROVIDE INDEPENDENT COOLING FOR
INSTRUMENTS

RCITP91 01-73.pm

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Project Ovetview and Resources

Jechnology Program: Space Piatiorms WBS No.: 694-11-01
Jechnology Areg; Earih Orbiting Platiorms

Technology Element: Power

Iechnology Sub-Element; Thermal Management (Pholovoltaic)

Milesiones:

1994  Demo minl CPL thermal control loop

1995  Demo 50% improvemeni (wall-meier basis) in advanced cryoheat pipes on ground
1995  Demo 33% weighl reduction in thermal components by using lightweight malerials
1996  Demo advanced heal pump designs suitable lor micro gravity appfications, with goal of 3x cusrent performanct lactor
1996 Design cryo CPL thermal control loop

1997  Filight tesl advanced cryo heal pipes

1997  Demo ground lest of advanced cryo CPL

1998  Validale cryo heat pipe models

1998 Flight les] advanced heal pumps

1999 Validate heat pump modets

2000 Flight test cryo CPL thermal control loop

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

B&D Resources: 0 0 08 [ ] 13 13 1.4 13 0 0
C of F (SM): 0 0 0 o 05 0.2 0 0 0 0

PT10-30
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EARTH ORBITING PLATFORMS
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Project Overview and Resources

hnol ; Space Platforms WBS No.: 694-11.04
Technology Area; Earth Orblling Ptalforms
Technology Element; Power

hnot : Thermal Management (Solar Dynamic)
Mileslopes;

1994 Demo mint CPL thermal conirol loop

1935 Demo 50% Improvement for advanced crycheal pipes in ground test

1995 Demo 33% weight reduction for thermal componenis made from lightweight materials
1996 Demo advanced heal pump (lor 500 W-5 kW range), 3X perlormance improvement
1597 Flight fest cryoheat pipes

1997 Demo ground test of cryo CPL ground loop

1998 Validate cryo heat pipe models

1998 Flight test of advanced heal pumps

1999 Validats heat pump models

2000 Flight tes! of cryo CPL thermal loop

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
B&D Besources: 0 0 04 06 1.0 1.0 1.0 10 0 0
ColF (SM): 0 0 0 0 0.1 03 0.3 0 0 0

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

=== QAET =| POWER AND THERMAL MANAGEMENT g

ECTR POWER SYSTEM
WITH ADVANCED TECHNOLOGIES

B e,
8

O power ieus
D Cure i,
. WAL -y

ADVANCED POWER SYSTEM TECHNOLOGIES CAN SAVE
645 kg (1420 1b) IN THE ELECTRICAL POWER SYSTEM

PT10-31



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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POLAR PLATFORM WEIGHT WITH

ADVANCED TECHNOLOGIES

NEW TECHNOLOGIES SAVE 850 Kg (1870 1bs.)
ALLOWS~32% OF MASS TO BE PAYLOAD

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)

e===QAET % POWER AND THERMAL MANAGEMENT %

TDRSS
+ NEW TECHNOLOGY ALLOWS 138% MORE POWER FOR THE SAME MASS

- FOR 422.3 kg, NEW TECHNOLOGY GIVES 5729 WATTS

SOLAR ARRAY MASS 82.67 kg

BATTERY MASS 94.53 kg
PMAD MASS 24508kg
422.28 kg

+ ADDITIONAL 3319 WATTS OF POWER AVAILABLE
WITH NEW TECHNOLOGY FOR THE SAME MASS

58.04%

5,729 WATTS
BOL POWER

RC-ITP9101-70 pm
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EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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Milesiones:

1997 (2) Demo 300 W/sq. m PV concentrator module {>50 W)
1997 (2) Ground demo, integrated 2 kW solar dynamic sysiem
1996 (2) Demo advanced heat pump designs suitable lor micro gravity
:::: :':’) g;n':.emiotype PMAD brassboard
) le enhanced EPSAT environmental interaction model (LEO, GEO, MEO, POLAR); ground
:ggg ::; Demo 300 Wivkg PV blanket: 100 Wh'kg inP concentrator module ' ' i test oo CPL
Demo 100 Wivkg boller plate cells 1o 1000 GEQ); complets de
1995 (1)Dem35%mdmbnhwelghld!mndconmmm‘ Y camplet designof coyo GPYfo sensors
1934 (1) Demo G/C shielded electronics box
::;; ::;Demogrwndlesl of advanced cryo CPL
Demo advanced PMAC Integrated avionics syslem; vafidate heal models
1998 {1) Demo 1-2qu.mlhemdmanmmnl sysiem P
1998 (2) Fight test heat pumps
1998  (2) Complete advanced EPSAT
1999 {2) Demo SSF power TD&C fachity
;gg: :I)Demo 100 Whvkg battery (fightweight)
1) Demo durable high lemperature elecironics tem (200-600 C
2000 (1) Flight lest cryo CPL mspstem )

1991 1992 1293 1994 1995 1996 1997 1938 1999 2000

R&D Resources: 0 0 0 0 0 0 0 0 0 0
Reserves: 0 0 4 0 0 0 0 0 0 0
Tolal R8D: 0 0 5.1 10.2 135 143 14.7 14 ] 0
C ol F ($M); 0 ] 0 0 08 1 0.9 04 0

SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
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SPACE PLATFORM TECHNOLOGY - EARTH ORBITING PLATFORMS

694-11 1993 1994 1995 1996 "1997 1998 1999
THERMAL (PV) 01 0.6 0.8 13 13 14 13
SOLAR DYNAMIC 02 1.2 35 kX 1 kX } 30 1.9
PMAD (SD) -03 0.4 0.8 1.2 12 12 12
THERMAL (SD) -04 04 0.6 L0 1.0 1.0 1.0
PHOTOVOLTAIC 05 0.6 13 19 23 25 i3
ENERGY STORAGE| -06 0.7 12 16 16 14 14
PMAD (PV) 0 12 2.0 29 s 41 39
TOTALS 5.1 10.2 135 143 14.7 14.0

PT10-33



SPACE PLATFORMS TECHNOLOGY PROGRAM

EARTH ORBITING PLATFORMS
(INCLUDES SPACE STATIONS)
===OAET =====  POWER AND THERMAL MANAGEMENT P
CONCLUSIONS
+ THERE ARE BASE TECHNOLOGIES THAT COULD BE MADE AVAILABLE FOR ORBITING

PLATFORMS

- ADVANCED PHOTOVOLTAIC SOLAR ARRAY (PLANAR AND CONCENTRATOR)
- IMPROVED BATTERIES (NiH AND SODIUM)

- SOLAR DYNAMIC SYSTEMS

- IMPROVED PMAD

- IMPROVED TMAD

+ CODE RP IS CONTINUING TO SUPPORT ADVANCES IN POWER TECHNOLOGIES, INCLUDING:

- HIGH EFFICIENCY, LIGHT-WEIGHT, RADIATION RESISTANT CELLS

- ADVANCED CHEMICAL ENERGY STORAGE (NICKEL-HYDROGEN, BIPOLAR
NICKEL-HYDROGEN)

- POWER INTEGRATED CIRCUITS AND FAULT-TOLERANT AUTONOMOUS PMAD
» THESE TECHNOLOGIES CAN BE USED TO ACCOMPLISH SOME COMBINATION OF
THE FOLLOWING:

- REDUCE TOTAL MASS, OR
- INCREASE PAYLOAD MASS
- INCREASE POWER AVAILABLE BY UP TO 2x

RC-TP91.01-71 pem

FOCUSED TECHNOLOGY: EARTH ORBITING PLATFORM
POWER AND THERMAL MANAGEMENT
SUMMARY
= AET e ————————————————————

IMPACT;

+ Enable exploitation of earth orbiting space by significant (> 2) improvements in mission critical power and thermal capacities fo

- Wide range of users and missions: Unmanned/manned - Civil, Commercial,
- Operaling requirements: LEQO—>GEQ, EQUATORIAL —>POLAR
- Power levels: 10's W —>» 10's kW

USER RD

« Four element effort: (e.g., presently applied to EOS, ATDRSS, SSF)
- Determining requirements of planned and proposed missions
- Assessing impact of upgrade 10 base technologies

- Addressing modification and adaptation of lechnology for mission unique requirements
- Reviewing with program and project managers

VERALL TECHNICAL A AMMATIC STA
* Basic underslanding and development of technology progressing in ail areas under base program
+ No lack of technology

MAJOR TECHNICAL/PROGRAMMATIC ISSUES:

+ Absence of focused effort to bring about:

- Coordination with broad user and mission base
- Coordination of multiple disciplines at system level
- Timely development fo level of implementation for flight

« Lack of means lo get lechnology used

i ]

RC-TP91.01-2 pm
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Project SELENE

SpacE Laser Electric ENErgy

John D. G. Rather

NNASA

"SELENE" is the ancient Greek name for the moon

'y
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TRANSPORTATION COSTS WITH MAXIMUM PAYLOADS
(1991 $ PER POUND)

VEHICLE Earth to LEO Earth to GEO Earth to Lunar Surface
Cost Max |bs. Cost Max |bs. Cost Max Ibs.
Shuttle $6,700 45,000 72,700 5,000* 50,000 10,000
Titan $5,300 38,000 30,000 10,000 39,000 10,000
Shuttle Derived Vehicle $3,400 89,000 25,000 10,000 34,000 10,000
National Launch $3,000 50,000 22,700 10,000 34,000 10,000
Systems (NLS) $1,200 150,000 13,600 10,000 25,000 10,000

*Use of IUS with 500Ib payload results in high $/Ib relative to other options which assume a new upper
stage with 10,000Ib payload.

91-2251¢

High-Power Space Applications

e Electric propulsion for economical orbit
raising (LEO to GEO, LEO to LLO, etc.)

® Power for lunar base
e Life support for large, manned space stations

e Industrial processes
e K-Band traffic monitoring and identification
- Air traffic monitoring and identification
- Ship traffic monitoring and identification
- Clear air turbulence mapping
- Defense

Direct-broadcast TV transmission
Advanced remote sensing

PT11-3



Comparison of costs of candidate
lunar surface power architectures

10,000 7+

W | aser beam power

" ® Nuclear
1,000 ¢ Solarcell
£ regenerative
C fuel cells
100

7 llllll'

Total cost* ($B)

e
o

1 1 lllllll 1 L L1 1 1 11

1
100 1000 10,000
Lunar base power level (kWe)

* Costs include estimated transportation costs in 1990 dollars
Refs:
(1) — NASA Lewis Research Center
(2) — NASA Pathfinder Program Plan

 New optical technologies:
The Key to implementation

PT114



BASIC ELEMENTS OF A COMPTON - REGIME
FREE ELECTRON LASER

R

WIGGLER MAGNET ARRAY

OUTPUT
MIRROR

rf ELECTRON
ACCELERATOR

REFLECTOR K=eAwB/2nme?

TYPICAL MAGNETIC SWITCH OPERATION

AL -

YOLTAGE

YOLTAGE|
ATE__VOLTAGE ATN
ATO

VOLTAGE

COMMUTATE
SUPPLY

P ‘2 ¢ NEeoo
¢, VOLTAGE

T o T

130

REFERENCE: SCIENCE RESEARCH LABORATORY
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AVLIS Full-Scale Demonstration Facility

Copper laser corridors provide more than 8 kW of
average power in around-the-clock operations T
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SNOMAD-V NONLINEAR MAGNETIC COMPRESSOR AND
1 MeV HIGH GRADIENT ACCELERATOR SECTION

1* Stage
1/2:30 XFMR 2 Stage 3 Stage
— 4" Stage
AN g 7
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(U) LOCATION OF GROUND SITES DEPENDS
PRIMARILY UPON AVERAGE ANNUAL NUMBER
OF CLEAR DAYS

0
= 100 520
‘uo'w 5 2 100
180 =1
Wi - .0 100" o .
1 00! 100 =
140 Y 20 140 ::
' ““I 20 i
o s | R i | ARy
1.0 N .m§ | { F=S
= | . = By [ ™ 1 420)
. LA i
Geo - L []m‘:‘ i
‘.‘:oo ! I‘ | ‘!1 V‘i i ’“ QD oavs
”".zno iR ‘ T : | l I [ 720am0 ovew
N Nyl iy 0w
R AL
‘80 i e ree 120 Qoo anooman:
a0 e 100
ATMOSPHERIC TRANSMITTANCE TO SPACE .
AL

LASERS LOCATED AT 2KM ELEVATION ABOVE SEA LEVEL

1.0

TRANSMITTANCE

 RETINAL DAMAGE TO EYES ATWAVELENGTHS
T LEBSTHAN1T

0.0 MR
0.0 0.5 1.0 1.5 2.0 2.5 3.4

WAVELENGTH (MICRONS)
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Turbulence coherence length as a function of
wavelength and zenith angle

W17
30

1.3152 ® Hand calc. with fried module

[\
o
7

® Correlates well with ESP4-SWL
— Maui site
— 3-km altitude

|

1

ro» coherence length (cm)

Range of interest

1] 20 40 60 80 100 120 140
~ Angle from zenith (degrees)
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ACTUATORS: - 4+ " .. " 241 (+ Two Guard Bands)
STROKE: = :fidowm . o apmi
ACTIVEAREA: . - 16cmDIAMETER =~ = °  16cmDIAMETER'
'SURFACE FIGURE:  ~0.1 Arms(1=0633pm) - ~0.02 Arms(A=0.633 ym) _

. )
PR

PT11-14



LACE Data 30 November 1990

SMC 182, Samples 180-184 SMC 181, Samples 160-164

Uncompensated Compensated

SWAT/RME LASER RELAY EXPERIMENT

M ARy
’ SERSIN

SWAT RELAY
BEAM

T
139167-1

PT11-12



POWER (MW)

100

—_
o

BASELINE RESULTS

STREHL RATIOS FOR
VARIOUS POWERS AND DIAMETERS

WITH TWO REALIZATIONS OF KOLMOGOROQV FLUCTUATIONS

C P/D'® SCALING 320
B 3.0
| 0013 N
, 0051,058.
: 0.74,.""
! 2 @ors
g
STREWL 0 L0
RATIO
- 00.32,0.52..+"
" 250 Y,
- -4SDD2'-§3' 0.78
g’
1 i 1 | 1 1 1
1
DIAMETER (m)

10

V164798740
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SENSORS

-—— | ONG-THROW
ACTUATORS

CLUSTER
OF SEGMENTS

FULL APERTURE
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PAMELA — A Lower Cost Approach

CONVENTIONAL TELESCOPE WITH ADAPTIVE OPTICS
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KG/M?

TTPM FUNCTIONAL BLOCK DIAGRAM

BEAM INCIDENT
ON ONE ELEMENT

ONE OPTICAL MEASUREMENT

s

PER SEGMENT

TILT SENSING
WAVEFRONT
MONITOR
(SINGLE CHANNEL)

DGE SENSOR SIGNALS =P 1)1 20
CONTROL AVERAGE PHASE l 1
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SEGMENT SIGNAL
ACTUATOR | AP, CONDITIONING
ELECTRONICS ; ELECTRONICS
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s SUBSYSTEM CONTAINED ON EACH SEGMENT

MIRROR AREAL M‘ASS DENSITIES AS A
FUNCTION OF SEGMENT SIZE
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CONSTRAINTS AFFECTING SEGMENT SIZE

WHAT DETERMINES THE PHASED ARRAY ELEMENT SIZE ?

+ UPPER LIMIT

+ SCALE SIZE OF OPTICAL DISTURBANCES
+ VIBRATION-INDUCED DISTURBANCES
+ ATMOSPHERIC DISTURBANCE SCALE
+ THERMAL INERTIA

+ LOWER LIMIT

« SEGMENT FABRICATION COSTS
» ACTUATOR STROKE

SYSTEM WEIGHT

+ SYSTEM COMPLEXITY

SEGMENT DESIGN ISSUES

REQUIRED
PERFORMANCE
CHARACTERISTICS,

OPTIMIZED
MINIMUM OVERALL
SYSTEM WEIGHT
AND COST
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ARRANGEMENT OF SENSING COILS
ON SEGMENT EDGE

\\\\\

ZPRIMAIRY colL

RELATIVE POSITION OF SECONDARY COIL
WHICH IS DEPOSITED ON OPPOSITE FACE
OF ADJACENT SEGMENT
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Edge-Matching Sensor Circuit Diagram

Rotor Coils
|1 1
i} 1)
N L\ﬁb—
Direction of Travel
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Rsuries ‘ \ 105""‘ Phase
s A'A A S Oscillator H Detector
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ACTUATOR DETAIL

SCALE
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WHITE LIGHT FRINGES

R Segment Boundary

Fringe spacing (d) = 0.25u

STEPS IN RAPID CONVERGENCE ALGORITHM

EDGE MATCH ALL SEGMENTS ¥

MEASURE TILTS OF ALL -
SEGMENTS '

APPLY AND FIX SEGMENT 2
TILTS WHILE EDGE MATCHING

COMPUTE PISTONS OF ALL _
REFERENCE SEGMENTS AT s

CENTER OF EACH CLUSTER -
BY INTEGRATING TILTS ALONG

SPECIFIED PATHWAYS (RELATIVE

TO MASTER SEGMENT) : - =a% el > »

ADJUST AND FIX PISTONS OF o
REFERENCE SEGMENTS AT ;
CENTER OF EACH CLUSTER

PISTONS OF REMAINING SEGMENTS 0 ;
WITHIN EACH CLUSTER ARE oAl

ADJUSTED BY EDGE MATCHING TO

REFERENCE SEGMENT

@) rerErenceE SEGMENTS
) oEFmes: cLUSTERS

~—4§» POSSIBLE PATHWAYS OF
PISTON COMPUTATION
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WAVEFRONT ERROR

SURFACE SETTING ALGORITHMS
STEP FUNCTION RESPONSE (CONVERGENCE TIME)
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The integrated control concept is scalable

« Simple sensor arrays

— CCDs

— Quad cell witness plate
« Linear distribution of sensor data to segments
+ "Smart" self-processing segments

» Long stroke actuators

+  Only paralle!l processing required

Strehl ratio

100%

10% —

Power
in main
beam
(%) S

1% S=exp{(-2nany) _

sy S
005 091
0.10 0.67
0.15 0.41
020 021
025 008

0% |

0.01 0.1 1.0
AM/y, (rms)
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FRAUNHOFER diffraction
at a circular aperture
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The function 1 — J¢ (x) — J ¢ {x) representing the fraction of the total energy contained within circles of
prescribed radil in the FRAUNHOFER diffraction pattern ot a circular aperture.
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DIFFR

ACTION PATTERN FROM A SINGLE
HEXAGONAL MIRROR

Single hexagon diffraction pattern at 10

micro

Log,, (irradiance)
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36-hexagon diffraction pattern
at 10-micron wavelength
(1.8-meter hexagon—10-meter full aperture)

Along maximum Between
spikes spikes (30°)
o T w T
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Effect of segmentation on aperture performance

e Strehl does not depend on segment number

o Strehl degradation depends on percentage area
of gaps to total area:
Gap 1% of segment area — Strehl = 96%
Gap 0.65% of segment area
(Keck design) ————» Strehl=97.4%

e Variation in diffraction pattern at levels of 10~ 5
of peak and less and are present only many airy
diameters away

® Details of energy distribution within the central
lobe are unaffected by segmentation

Imaging performance is not
affected by segmentation
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PAMELA Ground-based Laser Beam Director
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PAMELA 10 Meter Telescope
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Technological goals of PAMELA-Type Optical System

e Very large apertures (>10 m)

e Fast primary optic for a compact, lightweight telescope

e Compensation for internal optical aberrations

® Compensation for atmospheric turbulence

e Control architecture scalable to very large numbers of segments

¢ Elimination of the requirement to reconstruct wavefront phase
from gradient measurements

e Large adaptive optics closed-loop bandwidth
¢ Diffraction-limited beam quality

¢ |dentical intelligent mirror segments

e |[dentical wavefront sensor modules

e Economical fabrication through mass-production methods
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Laserpath is a ground-based laser-driven
space power and propulsion concept

»

A Laserpath manned lunar shuttle (MLS) departing for the moon

' - _ Photoconverters Concentrator
‘ - Emergency power supply

Ground-based laser -
.. and uplink optics B

Plasma
thruster

~ Rélay mirlror

Because laserpath can exploit the high specific impulse
of plasma thrusters, it requires little propellant mass

Laserpath's high power/mass » High power/thrust

. gt /
High specitic impuise - Low mass flow/thrust

r 14

-11.3
T 3x10° 1'2
z 1.1
'.'? - s >
) —1x10 g
pug -9 =
n -
£ 2x10*  Chemical Plasma -8 E
g rockets thrusters lonengines _ 7 ‘—E
3
2 =]
g -— — 1T &
0 1)
& 1° 8
g 1x10* |- 14 4
A Solar or ks
g nuclear/ -2

electric
Laserpath J1x10*
— v, | - PR S W VN v
100 1000 10,000

Specific impulse (seconds)
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Laserpath's power supply mass is low in comparison
with nuclear or solar vehicles for three reasons:

+ The prime power source is not on board

+ Monochromatic laser light is converted to electric power with

high efficiency

+ Pulse repetition rate matching of laser and plasma thrusters
reduces need for on board power conditioning equipment

er

10+

Power supply mass (tonnes)

Solar/electric Nuclear/electric
K SN

Shuttle rendezvous with tugboat in LEO. Residual shuttle
main tank fuel is transferred to tug. Tug then boosts
main tank or full shuttle payload to GEO

lsp = 1,500 seconds

AV = 5,630 meters/sec (each way)
Tug spacecraft dry mass

Available fuel mass

Main tank dry mass (or alt. payload)

Total required energy
Minimum one way mission duration
Minimun required laser power

520 kg H, 3, 120 kg LOX

PT11-31

= 4,400 kg
3,640 kg*
= 32,300 kg

= 4,500 GJ
= 5.2 days
= 10.2 MW



ADAPTIVE OPTICS ERROR BUDGET

A =1um, r = 9.6 cm AND 6, = 15 prad AT ZENITH,

ACTUATOR SPACING 10cm, BANDWIDTH 100 Hz, WIND 6 m/s,
RETRO ARRAY AT MEAN POINT-AHEAD LOCATION

1.0 gy ————T T : Bandwidlh.
« T R R e Ll Signal-to noise
J 08 L Scintifation
T Dt ‘ Pointing 1
2 06 - :
5 Fitting
z 0.4 .
<
E Tolal
0
v 02F
b -
a 0.0 . 1 . 1 N 1 N
0 20 40 60 80
ZENITH ANGLE (DEGREES)
BASELINE SELENE POWER SYSTEM
REPRESENTATIVE POWER BUDGET
POWER EFF.
EARTH SITE POWER INPUT 110 MW
LASER EFFICIENCY 0.1x
LASER OUTPUT 11 MW
OPTICS TRANSMISSION 0.9
POWER OUT OF APERTURE 10 MW
ATMOSPHERIC TRANSMISSION 0.9
ATMOSPHERIC COMPENSATION 0.5
COLLECTOR GEOM. EFFICIENCY 0.9
ARRAY ELECTRICAL EFFICIENCY 0.5
NET PV ARRAY ELECTRICAL POWER
OUTPUT TO USER 2 MW

A MINIMUM OF 3 EARTH STATIONS IS REQUIRED TO PROVIDE
CONTINUOUS 1+ MEGAWATT ELECTRICAL POWER TO USERS
ON MOON
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LUNAR STATION

COLLECTOR ARRAY

/ Baons " «— 80m ——
/ e,
p 00 32} - .
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" / e *‘x -~ DIFFRACTION
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\ -~ _2500m ——
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\ 1
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_____________ Opration om0 0|0 Se Detemined -
D o : : PV /PMAD
: < Towt
DEVELOPMENT PY Array / ; ;
OF Power B1.SM_$3.0M | $135M Technology / sem
TECHNOLOGIES Conditioning Resdy for Bouno:.;pandu
. ! ce
CONSTRUCTION Beam Expancer FOSM_S254 | s20m = Tl
OF = : : -TRLWS \
SUBSYSTEMS , : : v ; Laser
Free Electron Laser §rosu]  $2sm | s25M | Totsl
AL ___ T o L ______ $79.5M
D : p :
Photovoitaic Decision
COMPONENT $0.5M  $1.5M
DEVELOPMENT Research N Points on —I
ANO : v Technologies™
DEMONSTRATION “optica/ 1 g Tou—almal | »
OF Beam Expmdol 2‘ ISM 7.5M + TRL /&
FEASIBILITY : : : ‘ :
Froe Ei Las 'Fn‘;u s
L (reesearontase BTN T L Fowiveld
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$o Initial Studies o : ; ; Lo Comeus
PLANNING $06] T80 | Y ‘:.""'""‘:o.an_ SSM__| sSM | SSM_ [ sSM(D) | TBD | approx. $20M
STUDIES [ v | . . )
r<—Phase 'Zno'—»k— Phese | —»1+<————Phsse ll—)‘ X %V::III
y YT © $73.0M © $815M - $ISOM . SSOM - :
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LASER POWER BEAMING -- PROJECTION OF EXPENDITURES

JTechoolagy Alsa ‘83 | 84 i 95 1 b} 1 97 | 98
o Free Electron Laser — (Industry) Track parallel Do) RF FEL and generale ailemate NASA Concept. This
Opon 1 - AF FEL Ligm T tom ] Lon wilisminate in mid-94 i Option fl scceeds.

¢ Free Elocyron Lases (Industry) Build and teat new high gradient induction accelerator. (LLNL) Model FEL

Opbon i -tnduction FEL .
@ Decision point far inifial technologies (TRL /4)

s Option i (Contd) [osm [ 26M I pr™ ] ?’.’ﬂ‘{?.&’.,’gjf&'f’“‘““”

® Technalogy/Subsystem ready for
imegration (TRL 4/5)
¢ Optics/Beam Expander -
tion | Monolith Primary/ _ﬂ.m (MIT Lincoin Lab} Track Paraliel DoD optics and generate altemnate NASA Concept.
S’M AO. This work will terminate in mii-'94 i option !l succeeds.

¢ OpticvBeam Exptnder [ 35M ] 7.5M | (JPLLLNIL/MSFCindustry) Design and test mass-produceable precieion

Option i - Seg segments. Design beam expander and contiol system
Primary AQ
(JPL/MSFC/Industry) Produce
* Opton it (Contd) [osm ] ZM I 2M ] segmants. Build telascope for
subsystem.
n (JPLLeRCndustry) Develop
* m?mwndm’l?q L osM ] sm ] orem ] 3.0M ! 1M ] elficlent PV power converter.

@ Inftial Demonstration (TRL 5/6)

o TeatbedsSise Intograton [ 5M l 15M [ 30M ] 30M I 78D l
and Operaion

{MSFC/JPL/LIncoin Lab) Integrate Laser Beam Expander and PV Amay and Test.

* Acvanced Canceps [ osm T 5M ] 5M ] M |
(NASA Centers/HQ) Applications/Mission Sludles

AnnusiFunding | 135M | 495M [ 73M { B1.5M | 35M | M ]

LASER POWER BEAMING POWER AND
PROPULSION FLIGHT DEMONSTRATION

® LASER-ELECTRIC PROPULSION VEHICLE FLIGHT FROM LOW EARTH ORBIT (LEO) TO LOW
LUNAR ORBIT (LLO)

® MISSION WOULD DEMONSTRATE/NNVESTIGATE:
o LASER POWER TRANSMISSION THROUGH ATMOSPHERE
* TRACKING OF REMOTE TARGET BY TRANSMITTER AND RECEIVER
* POWER CONVERSION BY PHOTOVOLTAIC ARRAY
¢ RADIATION IMPACTS TO PV ARRAYS DUE TO TRANSFER THROUGH VAN ALLEN BELTS
e ELECTRIC PROPULSION SYSTEM AS MISSION POWER LOAD
o INTERACTIONS BETWEEN ELECTRIC PROPULSION SYSTEM AND PV ARRAYS

e OTHER FEATURES OF THE DEMO MISSION:
o OPERATE AT MODEST POWERS (10's OF kW TO MW)
© INITIAL DEMO FROM LEO TO HIGH EARTH ORBIT (GEO ?) TO INVESTIGATE VAN ALLEN
BELT IMPACTS CAN BE DONE WITH FIRST GENERATION SMALL TRANSMITTER MIRROR.
© SECOND GENERATION LARGER TRANSMITTER USED FOR TRANSFER TO LLO

Upgraded

LEO Van Allen GEO
Belts
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